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ABSTRACT
This thesis presents the results of structural analyses and detailed field mapping
from a region near Adams Burn in central Fiordland, New Zealand. The region preserves
assemblages of metasedimentary and metaigneous rocks deposited, intruded, and
ultimately metamorphosed and deformed during the growth of a Gondwana-margin
continental arc from Cambrian–Early Cretaceous. Evidence of arc growth is preserved in
the Late Devonian–Early Cretaceous Median Batholith, a belt of intrusive rock whose
growth culminated with the emplacement of the Western Fiordland Orthogneiss (WFO)
into the middle–lower crust of the margin. Following this magmatic flare-up, the margin
experienced Late Cretaceous extensional orogenic collapse and rifting. During the Late
Tertiary, the margin records oblique convergence that preceded the Alpine fault. The
history of arc growth and record of changing tectonic and deformational regimes makes
the area ideal for study of structural reactivation during multiple cycles of magmatism,
metamorphism and deformation, including during a mid–lower crust magma flare-up.
Structural and lithologic mapping, structural analyses, and cross-cutting
relationships between superposed structures and three intrusions were used to bracket the
relative timing of four tectonic events (D1–D4), spanning the Paleozoic to the Tertiary.
The oldest event (D1) created a composite fabric in the metasedimentary and metaigneous
rocks of the Irene Complex and Jaquiery granitoid gneiss prior to emplacement of the
Carboniferous Cozette pluton. S1 foliation development, set the stage for structural
reactivation during the second phase of deformation (D2), where S1 was folded and
reactivated via intra-arc shearing. These second-phase structures were coeval with the
emplacement of the Misty pluton, (part of WFO in central Fiordland), and record crustal
thickening and deformation involving a kinematically partitioned style of transpression.
Arc-normal displacements were localized into the rocks of the Irene Complex. Oblique
displacements were localized along the Misty-Cozette plutonic contact, forming a ≥1 kmwide, upper amphibolite-facies gneissic shear zone that records sinistral-reverse offset.
Second-phase structures are cross-cut by widespread leucocratic pegmatite dikes. S2 in
the Cozette and Misty plutons is reactivated by localized, ≤10 m-thick, greenschist-facies
(ultra)mylonitic shear zones that record sinistral-normal offsets. S3/L3 shear zones and
lithologic contacts were then reactivated by two episodes of Tertiary, fourth-phase
faulting compatible with Alpine faulting, everywhere truncating the pegmatite dikes.
Early faults accommodated shortening normal to the Alpine fault, and were obliquely
reactivated by a younger population of faults during dextral transpression.
My results show that structural reactivation occurred repeatedly after D1, and
that structural inheritance played a key role in the geometry, distribution, and kinematics
of younger deformation events throughout the arc’s history. The sheeted emplacement of
the Misty pluton was accompanied, and possibly facilitated, by a system of partitioned
transpression during Early Cretaceous crustal thickening and arc magmatism. These
results show that transpression helped accommodate and move magma through the
middle and lower crust during the flare-up. This conclusion is important for the study of
continental arcs globally, as evidence of deformation during high-flux magmatism at
lower crustal depths (~40 km) is rarely preserved and exhumed to the surface.
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CHAPTER 1: INTRODUCTION
1.1. Statement of purpose
The process by which structures accommodate subsequent deformation events
after their initial formation is referred to as structural reactivation (Holdsworth et al.,
1997). This process occurs because the pre-existing structures created as a result of
deformation, metamorphism, magmatism, or some combination of all three, tend to act as
planes of weakness within the rock that hosts the structures (Holdsworth et al., 1997).
Because continental arcs tend to record multiple cycles of magmatism, metamorphism,
and deformation, consideration of reactivation is necessary for a more complete
understanding of how continental arcs evolve. This is especially true for exhumed
sections of arc crust originally at mid- and lower-crustal levels, where the study of
reactivation helps to elucidate styles of deformation operating during magmatism,
including during cyclical, high-flux events (e.g. DeCelles et al., 2009; Ducea et al.,
2015a,b; Ducea, 2001).
Because structural reactivation necessarily involves one structure forming before
another, an ideal way to study reactivation is by a field-based approach that includes
observations of cross cutting relationships of superposed structures collected at numerous
observation points in a field area. When paired with observations on the geometry and
kinematics of structures, and the timing of deformation relative to intrusions, it is
possible to construct a correlated structural, metamorphic, and magmatic history of at
least a portion of the arc. This correlated history can then be used to identify patterns of
reactivation, and to determine the tectonic environments active during magmatic events.
This thesis aims to describe patterns of reactivation in a continental arc, and to
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determine the tectonic environment operating during the emplacement of a mid-lower
crustal pluton as part of a high-flux event. Using the field-based method outlined above,
work presented in this thesis utilizes an excellent exposure of a mid-lower crustal section
of continental arc crust in Fiordland, New Zealand to accomplish these goals. The main
products of this work are a detailed geologic map and series of seven accompanying
geologic profiles. When combined, these graphics show the geometry and distribution of
ductile and brittle structures formed during successive deformation events, their timing
relative to magmatism, and the extent to which structures have been reactivated. Maps
and profiles are supplemented by equal-area stereonet summaries of structures in each
deformation event as well as extensive fault-slip analysis for all brittle and semi-brittle
faults. Kinematic information is presented in maps, profiles, and photographs.
Visualization of structures is improved both through a block diagram for ductile
structures, and a fence diagram emphasizing the relationships among brittle faults.
Field observations and observations made through kinematic and structural
analyses reveal extensive reactivation over the course of the arc’s Paleozoic–Tertiary
structural history, consisting of four deformation events. Reactivation processes include
the partitioning of Cretaceous transpression into arc-normal displacements within
previously deformed gneisses and schists. Arc-oblique displacements are localized along
a plutonic contact. The gneissic shear zone preserving arc-oblique displacements was
then reactivated by localized (ultra)mylonitic shear zones. Lithologic contacts, shear
zones, and fold belts were then reactivated by brittle and semi-brittle reverse faults.
Finally, these faults were themselves reactivated by a subsequent transpressional faulting
event. Magmatism punctuates deformation, and the occurrence of a magma flare-up
2

during Cretaceous partitioned transpression suggests that transpression facilitates the
movement of magma through the middle and lower portions of the crust.
Within Fiordland, this project’s significance is its recognition of new structures
and occurrences of lithologic units. Included is the description of a newly-identified,
Cretaceous, kinematically partitioned transpressional shear zone that was active during
pluton emplacement as part of a magma flare-up. Arc normal-displacements reactivate a
Paleozoic composite foliation. Portions of this partitioned system are, in turn, reactivated
by localized (ultra)mylonitic shear zones as well as by Tertiary brittle and semi-brittle
faulting. Faulting is extensively described in the field area, reactivating Paleozoic and
Mesozoic structures during two faulting episodes that record partitioning of arc-normal
and arc-oblique displacements away from the Alpine fault. The detailed structural and
lithologic mapping carried out to achieve these results also resulted in the identification
of new exposures of Cambrian orthogneisses and detailed descriptions of lithologies
previously grouped as a single unit of Paleozoic rocks.
From a broader, topical perspective, this research contributes to the
understanding of how continental arcs accommodate successive deformation events at
middle- and lower-crustal depths, and how transpressional deformation in the mid-lower
crust is compatible with current models for the onset of magma flare-ups.
1.2. Field methods
To address the goals outlined above, our research group carried out a 13-day field
campaign, collecting structural data along ridge-top transects based out of three
helicopter-accessed camps. Transects were conducted both perpendicular and parallel to
the dominant structural grain. At each of the 109 documented stations, we collected
3

orientation data on features including metamorphic foliations and lineations, dike
margins, fold geometries, faults, and slickenlines. Additional non-numeric data included
observations related to lithology, textural characteristics, outcrop-scale cross-cutting
relationships and superposed fabrics, km-scale sketches of neighboring ridges, as well as
notes on any observed kinematic indicators. Observations were recorded via sketches and
photographs at the majority of stations.
Additionally, we collected 55 hand samples, an unoriented 15 of which were
sampled for geochronological analysis to constrain the timing of different deformation
events. The other 40 samples were collected with documented field orientations. Sample
locations are noted in Plate 1. Thin sections for these 40 oriented samples were cut
perpendicular to foliation and parallel to stretching lineation, where known. These steps
were taken so that kinematic observations made at the thin section scale could be
reconstructed within the reference frame of a sample’s source outcrop. Thin sections
from unoriented samples were used to identify target minerals for geochronological
analyses as well as for characterizing deformation mechanisms.
To supplement our data, our research group had access to structural data and
oriented samples gathered during a 2005 field season. The 2005 data were collected both
to the north and south of our field area, within the same lithologic units in which we
sampled. Similarly, data from a 2012 field season conducted immediately to the south of
our field area were also made available. Where sample locations are mentioned in this
thesis, 2005, 2012, and 2015 data can be differentiated by the first two numbers in station
identifiers (05, 12, and 15, respectively). Structural data are not differentiated by station
number in bulk stereonet figures. Station markers for all sites are preserved in Plate 1.
4

Additionally, because there are few named geographic features in our field area, peak
elevations are included in Plate 1 as a reference, and are mentioned in the description of
large-scale structural features.
1.3. Analytical methods
All data were collected in an effort to construct a correlated sequence of
deformation events, communicated through maps, profiles, and stereonets. Structural and
kinematic analyses used to construct maps, profiles, and stereonets were done iteratively,
but a general workflow is as follows: sample preparation, structural and lithologic data
organization, preliminary map and profile making, identification of spatial extent of
kinematic and structural patterns (structural domains), identification of cross-cutting
relationships and thin section-scale characteristics of domains. Edits to maps and profiles
were made as new observations dictated, resulting in a finalized map (Plate 1) and
accompanying profiles presented in Chapter 3. Details of this workflow are presented
below.
After collection, samples were prepared for thin section production, with billets
cut perpendicular to foliation and parallel to mineral stretching lineation, where known.
All thin sections were used to characterize the mineralogy of different rock units and to
identify sequences of mineral growth as well as dynamic recrystallization associated with
deformation. Oriented thin sections were also used to determine the sense of shear
associated with deformation events. Hand samples accompany thin sections, and were
used to characterize mineralogy of foliations and lineations, and to describe kinematic
indicators; both of which are necessary for identifying structural domains.
Structural measurements define the geometry of foliations, lineations, folds,
5

faults, and slickenlines in our field area. Measurements were organized by field station,
type, and by generation where multiple generations of structures were observed at a
single station. Structural measurements for individual stations were plotted on equal-area
stereonets, and were differentiated by type of structure, generation of structure, and by
differences between structures of the same generation (e.g. different minerals defining
one generation of lineation). For each station, I chose a representative, or best fit
measurement of each type of structure in each generation. Where there was variability of
a structure in a single generation, such as folding of a foliation, I chose one from each
fold limb and used them to calculate a fold axis if folding was noted at the field station.
Otherwise, I used field notes and photographs to determine the dominant orientation.
These representative measurements were used in map and profile construction, and are
shown in the final geologic map (Plate 1).
Observations of lithology were made at each field station, and were the main tool
used to describe and assign rock units. Mineral assemblage, textural characteristics, and
cross-cutting relationships were all used to determine the extent of rock units, and to
identify compositional variation within units. In making a preliminary map, lithology
observations were some of the first data added, highlighting where faults or intrusive
contacts exist between different units.
Maps and profiles were constructed using structural measurements, samples,
notes and field maps, cross-cutting relationships, photographs, the geologic map by
Turnbull et al. (2010), and satellite imagery. GPS coordinates for field stations were
plotted in ArcGIS, overlaying the lithology and geography from the map produced by
Turnbull et al. (2010). This map was exported to Adobe Illustrator as a base map for
6

plotting our own field data, and we edited lithologic contacts as necessary. Representative
measurements were plotted first. Intrusive lithologic contacts were added where
observed, and inferred elsewhere based on changes in lithology. Observed faults were
traced along strike in consultation with photographs, topography and satellite imagery.
Faults either truncate against other faults or terminate where they cannot be confidently
interpreted. Some faults were interpreted based on abrupt structural and lithologic
changes.
Geologic profiles were constructed in the same way, and at the same time as the
map. Transects were selected to pass through areas of highest sample density while still
trending approximately perpendicular or parallel to the dominant structural grain.
Representative measurements from the map were then projected along strike or up/down
dip to the line of section. Details of profile construction are presented in Appendix A.
Maps, profiles, and stereonet summary figures are the products used to communicate the
geometry and distribution structures in the correlated sequence of deformation events.
Maps and profiles were used to identify regions preserving similar structural
geometry. If the structures in these regions have the same cross-cutting relationships,
textural characteristics, and kinematic indicators, they may be correlated and grouped as a
structural domain. Domains then can be summarized with stereonets, showing
orientations of foliations, lineations, fold features, faults, and slickenlines that define the
domain. These summary stereonets can then be compared and contrasted against other
domains having the same relative timing, or against domains formed during a different
time interval. As a whole, the relative timing of structural domain formation composes
the correlated sequence of deformation events.
7

Finally, to summarize maps and profiles while highlighting structural domains
and correlations, I made a fence diagram as well as a block diagram to emphasize
different generations of deformation. Details on the construction of these visualization
tools are provided in the tutorials at the end of this thesis (Appendix B).
The procedure for designating fault populations includes conducting kinematic
fault slip analysis, using the graphical method described by Marrett and Allmendinger
(1990). Equal-area stereoplots of fault data presented here were made using the Faultkin
7 and Stereonet software programs. Details on the algorithms used in FaultKin 7 are
presented in Allmendinger et al., (2012), Marrett and Allmendinger (1990), and
references therein. Because this study is concerned with the orientation of principle strain
axes rather than their magnitudes, a three-dimensional method for calculating
instantaneous strain axes is used (Marrett and Allmendinger, 1990). For each set of
measurements of fault plane and slickenline geometry paired with observations of sense
of offset, the instantaneous strain axes (X, Y, Z) are plotted on an equal-area stereonet,
and can be compared to the kinematic axes of other faults.
Construction of fault plane solutions for fault slip analysis requires three pieces
of information: 1) Fault plane orientation; 2) Slickenline orientation; and 3) Sense of
motion along the fault plane. Our research group measured 1 and 2 directly, and relied on
a variety of structures to infer 3. Structures included offset markers such as dikes, fracture
geometries including riedel shears (Riedel, 1929; Tchalenko, 1968), ductile structures
such as folds or shear bands proximal to the fault surface, linear steps on fault surfaces
from secondary fractures and growth of fibrous minerals (cf. Petit, 1987, Hippolyte et al.,
2012), and the general geometry of the fault paired with slickenline orientation (e.g. a
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concave-down thrust at stations 15AB-34 and 15AB-71 with highly oblique slickenlines
suggestive of a thrust rather than a normal component of offset).
Given the observable displacement along faults and evidence for reactivation, we
present kinematic axes (X, Y, Z axes) and fault plane solutions calculated from linked
bingham statistics (Mardia, 1975), where all three axes remain mutually perpendicular.
The instantaneous stretching axis (X) is oriented such that it lies within the movement
plane of a given fault, defined as a plane containing the slickenline and the pole to the
accompanying fault plane (Aleksandrowski, 1985). X bisects the 90° angle between the
pole to the fault plane and the slickenline, and Z (the instantaneous shortening axis) is
perpendicular to X, within the movement plane. Y is located at the intersection of the
fault plane and its nodal plane, perpendicular to X and Z.
We employ this graphical kinematic method acknowledging the assumptions that
the theory of simple shear applies at the scale of our measurements along each fault
surface, that deformation is homogenous along the fault surfaces, that faults did not
interact mechanically, that there has been no reorientation of faults, and that kinematic
compatibility of faults is scale-invariant (Marrett and Allmendinger, 1990). Scale
invariance of faults allows us to combine faults into fewer, larger populations to
streamline analysis. Scale invariance of faulting then is a convenience, but must be
proven. For our analysis, we first organized fault populations, and then assessed scale
invariance by highlighting the largest faults in populations where there was geometric
variability. If the geometry of large faults varies as much as the geometry of all faults in a
population, then the variability is attributed to another factor, such as concavity of fault
surfaces.
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We also acknowledge the inclusion of measurements from both brittle and semibrittle fault zones in our kinematic analysis. We combine these faults in our analysis, as
our primary concern is the kinematic compatibility of faults, and not the characteristics of
their formation. Because there are numerous lithologies in our field area with different
strengths, it would be an unfair assumption to conclude that semi-brittle and brittle faults
could not have formed during the same faulting event. Combining both fault types allows
us to assess kinematic compatibility of a larger number of faults, and to then consider the
spatial patterns of brittle and semi-brittle faults and their lithologic associations.
Because not all observed fault surfaces preserved kinematic indicators, and
because slickenlines and well-defined fault surfaces were not always found together, a
portion of our fault dataset is not suitable for fault slip analysis. We do not include these
measurements in our fault plane solutions, but opt to include them in the accompanying
stereoplots, showing both paired and unpaired fault and slickenline data. Without
kinematic indicators, we grouped faults and slickenlines into fault populations based on
their occurrence in fault zones with geometrically similar faults.
To assess kinematic compatibility beyond constructing fault plane solutions, we
statistically assessed the agreement of slickenline populations from the larger fault
subsets. Because slickenline orientation is widely thought to be parallel to the maximum
resolved shear stress (or strain) on a fault plane (e.g. Wallace, 1951; Bott, 1959; Angelier,
1979, 1984), which is a basic assumption of fault slip analysis, we look at slickenline
orientation first to consider kinematic compatibility between populations. We calculated
mean vectors for slickenline populations, including a 95% confidence interval in the form
of a small circle, or cone, surrounding the calculated mean, such that the cone of
10

confidence contains all values of possible slickenline orientations where the difference
between the estimated slickenline orientation and the true mean is not statistically
significant at the 5% level. Note that we opted to include unpaired slickenlines in these
analyses in cases where they were measured in a fault zone that had known kinematic
indicators.
The final step in our kinematic analysis of fault slip data was to calculate mean
vectors for both X and Z axes of our largest fault populations. Although Faultkin 7
calculates the instantaneous strain axes via a linked bingham analysis (Mardia, 1975)
where the mean X, Y, and Z axes must remain mutually perpendicular, the program’s
algorithm does not calculate an accompanying set confidence intervals, making it
difficult to consider the variability of the individual axes. To solve this, the orientations
of individual kinematic axes were transferred from Faultkin 7 to Stereonet, where they
could be calculated individually. Because the mean vector calculation considers the axes
to be vectors, the process of vector addition will give a misleading average if individual
axes plot on opposite sides of the stereonet. In order for the calculation to produce a
meaningful average, some measurements were converted to plot in the upper hemisphere
so that all axes plot on the same side of the stereonet. It should be noted too, that because
we calculated mean vector fits for X and Z axes individually, it is not necessary that the
resultant averages be perpendicular.
1.4 Thesis outline
This thesis is organized into four chapters, designed around a central manuscript.
Following this introductory chapter, Chapter two consists of a detailed review of relevant
Fiordland geology, including a three-part tectonic history covering the evidence of: 1)
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convergence and arc magmatism along the Gondwana margin between the Paleozoic and
Early Cretaceous; 2) Late Cretaceous extension and orogenic collapse; and 3) Cenozoic
transition to the dextral transpressive setting operating today. The tectonic history of
Fiordland is followed by subsections covering previous work done to document the
lithologic architecture of my field area in Central Fiordland, as well as a subsection with
additional information on major Cretaceous mid- and lower-crustal transpressional and
contractional features of Fiordland and Stewart Island. The lithologic background is
necessary for the careful description of changes we propose to recent published maps in
the area in chapter three, and information on regional shear zones helps to put our field
observation in context. Chapter two concludes with topical sections covering concepts of
transpression in continental arc settings, structural reactivation, and cyclicity of
orogenesis in continental arc settings.
Chapter three contains the results of my field work, as well as its interpreted
significance, both in the context of Fiordland’s tectonic history in the realm of
reactivation processes and cyclicity during orogenesis. This section is designed to stand
on its own as a paper, and as such, there is some repetition of content related to analytical
methods and geologic background. Chapter four contains a summary of the project’s
findings and as well as suggestions for future work. The final sections of this thesis are
the final version of my geologic map and the appendices. Plates 1 and 2 consist of my
geologic map and an explanation of symbols. Appendices consist of a series of short
tutorials covering details of cross section construction (Appendix A) and aspects of using
geospatial data in the construction of geologic maps and profiles, including the
conversion of GRID rasters into Google™ Sketchup 8-compatible terrains (Appendix B).
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CHAPTER 2: LITERATURE REVIEW
2.1. Relevant geologic and tectonic history of Fiordland, New Zealand
2.1.1. Sedimentation, magmatism, and oblique convergence along the Gondwana
margin (Cambrian – Cretaceous)
Rocks exposed in Fiordland, New Zealand record a history of Gondwana-margin
sedimentation followed by convergence and episodic arc magmatism from the Cambrian
to the end of the Early Cretaceous. The extended history of sedimentation, magmatism,
and deformation gives rise to Fiordland’s current lithologic architecture, composed of
terranes of Cambrian–Devonian metasedimentary and orthogneiss units, intruded by Late
Devonian–Early Cretaceous plutons. The plutons compose two parallel magmatic belts,
termed the Inboard and Outboard Median Batholiths (Fig. 2.1). Construction of the
Median Batholith culminated in the Early Cretaceous with high-volume magmatism
between c. 125 Ma and 110 Ma, before the onset of extension and breakup of Gondwana.
Our field area is situated such that rocks within it are related to Paleozoic sedimentation
and magmatism as well as Early Cretaceous high flux magmatism and deformation, all
described below.
Metasedimentary rocks and late Cambrian–Ordovician orthogneisses are
characteristic of the Eastern Province (Fig. 2.2), comprising two terranes: The Buller
terrane (western), and the Takaka terrane (eastern). The Buller terrane is composed of
variably metamorphosed siliciclastic sandstones and mudstones (Mortimer, 2004), having
a detrital zircon signature consistent with Paleozoic sediments and greywackes studied
both in New Zealand and Australia (Ireland, 1992; Ireland and Gibson, 1998, Hollis et
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Figure 2.1. Tectonic reconstructions and current tectonic setting of Fiordland, New Zealand. A. 90
Ma reconstruction of Fiordland and nearby areas of the Gondwana margin. The Inboard and
Outboard components of the Median Batholith are highlighted in red and green, respectively. Black
lines, with the exception of the future Tasman rift, represent the locations of rifts formed after 85
Ma. Figure is modified from Tulloch et al. (2009, 2010), with content after Mortimer at al. (2005),
based on Sutherland (1999), Gaina et al. (1998), and Eagles et al. (2004). B. Current tectonic setting
of New Zealand. In addition to the Alpine Fault, most known active faults are represented as thin
black lines. Both Inboard and Outboard sections of the Median Batholith are shown in orange. Light
blue areas of seafloor represent the submerged portion of Zealandia, and correspond to light blue
areas in Fig. 2.1a. Inset represents the configuration of New Zealand prior to displacement along the
Alpine Fault, but preserves the orocline attributed, in part, to the late Tertiary tectonic setting.
Interpreted configuration of Westland, Fiordland, and Stewart Island prior to orocline development
is shown in Fig. 2.1a. Fig. 2.1b map, with pacific plate vectors, is modified from Turnbull et al.
(2010), with extent of the Median batholith from Mortimer (2004).
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Figure 2.2. Simplified geologic map of Fiordland. Content is modified from Turnbull et al. (2010).
Major Cretaceous ductile structures are shown, as well as a range of Cretaceous–Cenozoic, brittle–
semi-brittle faults that outline the current configuration of Fiordland’s major lithologic domains.
Lithologic domains, including the Western Fiordland Orthogneiss (WFO) and other rock units
significant to my field area, are also represented. SMBFS– Spey-Mica Burn fault system; Grebe fault
highlighted in red.

al., 2004; Scott, 2009a). These observations point to a Gondwana continental margin
source. The Takaka terrane and its probable correlatives, summarized by Turnbull et al.
(2010), are recognized as being composed of siliciclastic, carbonate, and volcanic rocks
ranging in age from Cambrian to Early Devonian (Cooper, 1989; Cooper and Tulloch,
1992; Bradshaw, 2000). The geologic setting for the deposition/emplacement of these
rocks is interpreted to be a back-arc environment (Münker and Crawford 2000; Gutjhar et
al., 2006; Bradshaw et al., 2009), followed by Ordovician–Devonian sedimentation along
the passive Gondwana margin (Mortimer, 2004). The contact between the Buller and
Takaka terranes is the Anatoki thrust in Nelson (Fig. 2.1) (Mortimer, 2004), and the Old
Quarry fault in Fiordland (Turnbull et al., 2010).
Collision of the Buller and Takaka terranes occurred after the deposition of the
youngest Takaka terrane sediments in the Early Devonian, and before the emplacement
of the Carboniferous plutons observed to intrude the Old Quarry fault (Turnbull et al.,
2010). This collision is approximately coeval with the oldest intrusives apart from the
Jaquiery and Pandora orthogneisses (described below), and the first of three known
regional metamorphic events in Fiordland (M1): a low-pressure/high-temperature event
at 360–370 Ma characterized by upper amphibolite facies metamorphism and sillimanite
growth in pelitic exposures (Ireland and Gibson, 1998, Allibone et al., 2007). A second
regional metamorphic event (M2) between 340 and 330 Ma is characterized by midupper amphibolite facies metamorphism and the growth of kyanite in aluminous rocks
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(Ireland and Gibson, 1998; Daczko et al., 2009; Scott et al., 2009a). This second
metamorphic event is interpreted by Ireland and Gibson (1998) to be related to structural
and/or magmatic loading. Widespread, highly episodic magmatism continued during and
between both metamorphic events, as evidenced by Devonian–Carboniferous plutons
with emplacement ages ranging from 371 to 305 Ma (Tulloch et al., 2009a).
Metasedimentary and volcanic rocks of the Eastern Province’s Permian Brook
Street terrane are exposed only in the far northeastern part of Fiordland. Before
amalgamation of the two Provinces, the resumption of subduction in the Late Triassic
after a period of inferred tectonic quiescence resulted in abundant magmatism of the
Darran Suite, increasing in the Jurassic (Kimbrough et al., 1994; Muir et al., 1998;
Allibone et al., 2009b). The Darran Suite is preserved as a component of both the
Outboard (eastern) and Inboard (western) Median Batholiths. The suture between Eastern
and Western Province terranes, thought to be complete by the Late Jurassic (Mortimer et
al., 1999), has been entirely obscured by Cretaceous magmatism.
At c. 125 Ma, the rate of magmatism increased further, corresponding with
emplacement of the Western Fiordland Orthogneiss (WFO) and Separation Point suite
(SPS) through c. 110 Ma (Mortimer, 2004). Of Fiordland’s nearly 12,000 km2 of “dry”
land, ~7000 km2 of exposed bedrock is part of the Devonian–Cretaceous Median
Batholith. Of these exposed intrusives, ~3100 km2, or 44%, was emplaced as part of the
WFO or SPS (Turnbull et al., 2010) over a period of c. 15 Ma, ~5 Ma before the onset of
extension. Based on lithology data presented in the map by Turnbull et al. (2010), the
~2200 km2 WFO is 93% diorite or dioritic orthogneiss, and the ~850 km2 SPS is entirely
granitic–tonalitic in composition. Early Cretaceous magmatism coincides with the third
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recognized regional metamorphic event in Fiordland (M3): thickening/loading of the
crust to metamorphose WFO plutons to granulite facies (Bradshaw, 1989; Ireland and
Gibson, 1998; Clarke et al., 2000; Daczko et al., 2001; Daczko et al., 2002; Klepeis et al.,
2007), and to metamorphose a larger volume of WFO host rock to mid-amphibolite
facies, with growth of kyanite-bearing assemblages (Daczko et al., 2009; Scott et al.,
2009b; Bradshaw, 1991). Specifically, this third metamorphic event is dated to have
occurred between 116 and 108 Ma, temporally overlapping with high-volume
magmatism of the WFO Misty and Malaspina plutons between 118 and 115 Ma
(Schwartz et al., 2016).
A network of transpressional shear zones and ductile thrusts accompanied and
outlasted this voluminous Early Cretaceous magmatism, accommodating oblique sinistral
displacement and in some cases acting as an effective pathway for magma to move
through the crust (Marcotte, et al., 2005). I focus a significant portion of my thesis on the
description and interpretation of a newly identified transpressional shear zone, and
therefore, reserve a separate section of this chapter to the description of roughly
contemporaneous Early Cretaceous thrusts and shear zones in Fiordland (Section 2.1.5).
Magmatism, granulite-facies metamorphism, and movement on oblique contractional
shear zones and thrusts had ceased by 108 Ma, giving way to extensional orogenic
collapse starting as early as 108 Ma (Schwartz et al., 2016; Scott and Cooper, 2006).
2.1.2. Late Cretaceous extensional history
The mid–Late Cretaceous extensional tectonic regime in Fiordland has been
described in terms of a regional detachment model (Gibson et al., 1988; Oliver, 1990;
Gibson and Ireland, 1995), as well as a model with numerous detachments each having
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more limited displacements. The Paparoa metamorphic core complex on the west coast of
the South Island is established as a large detachment (Spell et al., 2000), but a more
‘piecemeal’ model for the extension and exhumation of the lower crust is currently
favored in Fiordland along the Doubtful Sound and Resolution Island shear zones (DSSZ,
RISZ) (e.g. Newman, 2014). One reason for this interpretation is the recognition of
preserved intrusive contacts of upper plate and lower plate rocks outside of shear zones
(Bradshaw and Kimbrough, 1989). Another reason is the recognition of metastable
mineral assemblages in the host rock of the WFO, indicating that the amphibolite facies
upper plate metasedimentary rocks and granulite-facies lower plate WFO need not be
juxtaposed by major displacements (Daczko et al., 2009; Allibone et al., 2009b). Three
shear zones in Fiordland are currently associated with Cretaceous extension. These are
the DSSZ and RISZ in western, coastal Fiordland (Fig. 2.2), and the Mount Irene shear
zone (MISZ), located north of our field area in inland central Fiordland (Fig. 2.3). These
shear zones are also coeval with widespread a-type, or intra-plate, dike emplacement
(Klepeis et al., 2016; Schwartz et al., 2016; Klepeis et al., 2007).
Upper amphibolite-facies metamorphism in the area of Doubtful Sound from c.
106 to 102 Ma is inferred based on titanite and metamorphic zircon dates obtained by
Schwartz et al. (2016). The timing of metamorphism agrees with the initiation of the
DSSZ, constrained by syn-tectonic dikes to have formed prior to 101.4 ± 1.7 Ma (Klepeis
et al., 2016) and 102.1 ± 1.8 Ma (Klepeis et al., 2007). The shear zone is a lower
metamorphic grade than granulite-facies foliations that it cross-cuts (Klepeis et al., 2016),
and its gently-dipping geometry and northeast-southwest stretching lineations are
consistent with extension. The RISZ is similar to the DSSZ, but is constrained to be
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Figure 2.3. Geology of central Fiordland. Map includes field camp years and locations (A). Map is
paired with explanation of symbols (B). Content is modified from Turnbull et al. (2010). Lithologies,
faults, and contacts outside of the field area bounding box are unmodified where they are
discontinuous with features within our field area. Foliation trajectories are after Turnbull et al.
(2010) as well as our own field data.

younger, with the onset of upper amphibolite-facies metamorphism and shearing
occurring between c. 95 and 89 Ma (Hout et al., 2012; Klepeis et al., 2016). Fig. 2.2
shows the distribution of the RISZ and DSSZ, each locally separating metasedimentary
rocks of the Western province in the upper plate from the Malaspina pluton (WFO) in the
lower plate.
The MISZ (Fig. 2.3) juxtaposes Irene Complex rocks (Takaka terrane, upper
plate) against the Robin gneiss (lower plate). Scott and Cooper (2006) use a late syntectonic dike to constrain final displacement along the MISZ to c. 108 Ma. The authors
suggest that the MISZ is an extensional feature based on its gently-dipping geometry, and
its juxtaposition of upper plate rocks last equilibrated at c. 5.9 kbar and 603° C against
lower plate rocks last equilibrated c. 8.5 kbar and 722 °C.
On the west coast of the South Island, the Paparoa metamorphic core complex
served as a large-scale detachment, juxtaposing a high-grade lower plate against a lowergrade upper plate. Spell et al. (2000) also identified syn-tectonic emplacement of granitic
magmas as well as volcanism and immature sedimentary sequences, all consistent with
uplift and erosion related to extension between c. 110 and 90 Ma. Extension migrated
away from Fiordland by c. 83 Ma, with rifting of New Zealand from Australia and the
formation of the Tasman Sea (Tulloch at al., 2009b).
2.1.3. Cenozoic transition to oblique-contractional deformation
The Cenozoic tectonic history of Fiordland is marked by continued northeast23

southwest directed extension (Tulloch et al., 2009b), and a transition to dextral
transtension during the Eocene, coeval with the formation of fault-controlled basins
bordering Fiordland (Norris et al., 1978; Turnbull et al., 2010; King, 2000; Sutherland,
2006). Within Fiordland, transtensive deformation is observed by Newman (2014) in the
form of a network of normal, sinistral strike-slip, and oblique-slip brittle and semi-brittle
faults with an approximately east-west trending extension direction.
Transtension changed to transpression with plate boundary reorganization
represented by the rapid southward migration of stage poles between 30 and 25 Ma,
resulting in convergence and strike-slip movement starting in the north and migrating
southward (Furlong and Kamp, 2009; King, 2000). This transition resulted in
overprinting and reactivation of early structures. The transtensional fault system
recognized by Newman (2014) was overprinted by faults compatible with a
transpressional tectonic setting. The transition to a strike-slip dominated and eventually
transpressional setting also agrees with the observations of basin inversion adjacent to
Fiordland and reactivation of the Moonlight fault as a reverse fault (Turnbull et al., 2010;
King, 2000 Turnbull et al., 1993; Norris and Turnbull, 1993; Sutherland et al., 2006;
Furlong and Kemp, 2013; House et al., 2002).
Other fault systems compatible with transpression include the Straight River shear
zone (King et al., 2008), and faulting proximal to the Anita shear zone (Claypool et al.,
2002). In both cases, authors observed a high degree of strike-slip and reverse-slip
partitioning, consistent with reverse-slip displacements partitioned away from the Alpine
fault, which preserves homogenous, strike-slip dominated dextral transpressive
displacements

north

of

Fiordland immediately before it passes offshore
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(Sutherland and Norris, 1995; Norris and Cooper, 2001). Since c. 6.4 Ma, the rate of
convergence along the Alpine fault and uplift east of the Alpine fault has increased
(Walcott, 1998).
2.1.4. Central Fiordland’s lithologic features
Compared to coastal Fiordland, relatively little work has been done to describe
inland central Fiordland’s structural history. One reason for this may be difficulty of
access to field locations. Even so, there is a history of field work in the area that includes
description of all lithologies that we encountered during our field season. Within the map
area presented in Plate 1, Turnbull et al. (2010) included seven named lithologic units,
which are: 1) the Irene Complex; 2) the Barber gneiss; 3) the Cozette pluton; 4) the Lake
Hankinson Complex; 5) the Misty pluton; 6) The West Arm Leucogranite; and 7) the
Robin gneiss. Turnbull et al. (2010) compiled lithologic and structural data from many
sources, from early reconnaissance-focused mapping by Wood (1962), through more
recent mapping and descriptive efforts by Allibone (2009a,c). I summarize published
lithologic descriptions here, and make use of the descriptions in Chapter Three when
identifying and correlating lithologies across our field area.
Irene Complex and Mount Barber gneiss
Both the Irene Complex and the Mount Barber gneiss are noted by Turnbull et al.
(2010) as probable correlatives of the Takaka Terrane. Correlations made by Turnbull et
al. (2010) place the largest exposures of the Irene Complex to the north of our field area,
with stations visited during the 2012 season by K. Klepeis marking the southern extent of
the unit.
The name ‘Irene Complex’ was first used by Scott and Cooper (2006),
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although Turnbull et al. (2010) note lateral continuity with similar lithologies first
described by King (1984), near Lake Wapiti. Scott and Cooper (2006) describe this
lithology near Mount Irene, and recognized it as being composed of calc-silicate gneiss
and marble, quartzofeldspathic gneisses, amphibolites, and occasional exposures of
pelitic schist. The calc-silicate exposures described by Scott and Cooper (2006) are up to
300 m thick on the south face of Mount Irene, and King (1984) observed bands ≥ 400 m
thick to the north, close to Lake Wapiti. Turnbull et al. (2010) describe the Irene
Complex as comprising quartzofeldspathic and micaceous schists and gneisses, granitoid
orthogneisses, amphibolites and rare quartzites, with horizons of marbles and calcsilicates. They note too, that the unit preserves evidence of lower grade metamorphism in
the unit’s eastern extent.
The Mount Barber gneiss crops out widely in the Wilmont Pass area of central
Fiordland, extending as far north as our field area near Mount Hall (Turnbull et al.,
2010). Mapping to define the characteristics of the Mount Barber gneiss at its type
locality near Mount Barber was undertaken by Gibson (1982a), although earlier
reconnaissance-based mapping by Oliver and Coggon (1979) and Turner (1937a)
identified provinces dominated by banded gneisses likely having a sedimentary protolith
in the area. Gibson (1982a) recognized the Mount Barber gneiss as at least 2 km in
thickness, acknowledging imbrication by faults. The unit is composed primarily of
biotite, hornblende, and quartzofeldspathic gneiss, with exposures of biotite schist, rare
calc-silicate and marbles. Occasionally, exposures are more mafic or pelitic (Turnbull et
al., 2010). Biotite gneisses are the most common lithology (Gibson, 1982a).
Cozette pluton
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The Cozette pluton is defined and named formally by Allibone et al. (2009a). The
authors recognize the pluton as a dominantly medium–coarse-grained syenogranite. They
also note exposures of granodiorite, tonalite, and quartz diorite, but in subordinate
amounts. Consistent with our observations, Allibone et al. (2009a) note biotite and garnet
as the primary mafic minerals. They also note a general westward-increasing gradient in
deformation, from a largely unfoliated coarse-grained granodiorite in intrusive contact
with Paleozoic metasedimentary rocks in the east, though strongly foliated exposures of
granite with recrystallized igneous textures, to sheared and mylonitic granite in the west.
Allibone et al (2009a) note a major mylonitic fault zone along the Cozette’s western
margin, which is generally consistent with observations presented in this thesis.
Ramezani and Tulloch (2009) sampled the Cozette pluton east of Cozette burn, south of
Camp 2 and determined and emplacement age of c. 340 Ma (340.9 +/- 3.4 [+/-7.4])
(bracketed error includes decay constant errors). Geochemical analyses by Allibone et al.
(2009c) place the Cozette pluton within the Foulwind Suite, a group of Carboniferous
plutons emplaced during the long history of arc growth.
Before descriptions by Allibone et al (2009a) and mapping by Turnbull et al.
(2010), the area encompassing the Cozette pluton was described usually as a region of
undifferentiated gneisses or undifferentiated plutonic and metasedimentary rocks in the
Western Province (e.g. Klepeis et al., 2004; Marcotte at al., 2005; Scott and Cooper,
2006). In this way, the recent mapping efforts undertaken to produce the Fiordland
1:250,000-scale geologic map (Fiordland QMAP) have added a tremendous amount of
detail to the geology of central Fiordland.
Lake Hankinson Complex
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Allibone et al (2009a) recognize the Lake Hankinson Complex (LHC) as a series
of heterogeneous intrusions cropping out in central Fiordland, composed of
approximately one-third diorite. The remainder of the exposures consist of tonalite,
granodiorite, and granite. Hornblende is the primary mafic mineral in diorites and quartz
diorites. In tonalites, biotite and hornblende are observed in approximately equal
proportions, and biotite dominates in granodiorites and granites. Except for late dikes
identified by King (1984), the LHC had a moderate to strongly-developed penetrative
foliation. Ramezani and Tulloch (2009) dated two samples of the LHC, yielding ages of
c. 134 and c. 159 Ma. Although Scott et al. (2009b) observed cross-cutting relationships
suggesting that portions of the LHC are Carboniferous and that the LHC is therefore
composed of rocks having mixed emplacement ages.
Misty pluton
Like the Cozette pluton, the Misty pluton was recognized formally in 2009 by
Allibone et al (2009c), and mapped as a single pluton by Turnbull et al. (2010). Unlike
the Cozette pluton, however, the area encomapassing the Misty pluton has been
recognized as part of the Western Fiordland Orthogneiss (WFO) prior to work by
Allibone et al. (2009c) and Turnbull et al. (2010). Work by Oliver (1976) and Oliver and
Coggon (1979) describe outcrops later described at the WFO, but the first usage of the
term is by Bradshaw (1985). Bradshaw (1985) included metamorphosed pyroxenebearing diorites, monzonites, gabbros, and ultramafics in the WFO, and noted that the
dominant lithology was a two-pyroxene dioritoid. This final observation remains true of
the greatly expanded WFO represented by Bradshaw (1990).
Allibone et al. (2009c) describe the Misty pluton as a medium-grained diorite.
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Compositional variation across the exposed area of the pluton is largely dependent upon
the degree to which retrogressive mineral assemblages have developed, with central and
western regions of the pluton composed of a two pyroxene ± hornblende feldspathic
diorite, monzodiorite, and occasional monzonite. The margins of the pluton closest to our
field area are recognized by Allibone et al. (2009c) to be a strongly foliated, hornblenderich diorite with abundant epidote. Pluton margins distal to our field area are recognized
as medium–coarse-grained diorites and quartz monzodiorites, with quartz-hornblende
symplectites after clinopyroxene, and relict clinopyroxene grains (Allibone et al., 2009c).
The presence of retrogressed pyroxene assemblages in exposures of hornblende diorite
suggests that the margins of the pluton may be the retrogressed equivalents of the pluton
core (Allibone et al., 2009c).
West Arm leucogranite
Allibone et al. (2009a) describe the West Arm Leucogranite as composed of
leucocratic tonalites, granodiorites, granites, and pegmatites. Grain size across the pluton
varies from fine to coarse. The dominant mafic mineral is biotite, which occasionally
defines a weak magmatic fabric (Allibone et al 2009a). Gibson (1982a) recognized this
lithology at its type locality at the West Arm of Lake Manapouri, describing it as a finemedium grained leucogranite with the same composition observed by Allibone et al.
(2009a), but with the additional description of muscovite and accessory garnet. Turner
(1937b) described similar outcrops of granites from both the West Arm and North Arm of
Lake Manapouri. Scott and Palin (2008) dated the West Arm Leucogranite to 116.3 ± 1.2
Ma (U-Pb zircon, 2σ error). The unit is part of the Separation Point suite of plutons
(SPS), emplaced between c. 125 and 116 Ma (Kimbrough et al., 1994; Muir et al.,
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1998; Scott and Palin, 2008; Allibone et al., 2007).
Robin gneiss
Scott and Cooper (2006) describe the Robin gneiss as interlayered hornblende,
biotite, and hornblende-biotite gneiss. They note variable amounts of hornblende and
quartz symplectites, garnet-bearing leucosomes, biotite, and plagioclase. Turnbull et al.
(2010) note that the Robin gneiss contains xenoliths of hornblendite, gabbro, and calcsilicate gneiss, and that it is also intruded by tonalite sills. No age has been published for
the Robin gneiss, but Scott and Cooper (2006) correlated the unit with the Early
Cretaceous WFO based on its structural setting underlying the Irene Complex, its
metamorphic character, and based on geochemistry. Allibone et al. (2009c) suggest,
however, that the geochemistry of the Robin gneiss is distinct from the WFO. They note
that the Robin gneiss has greater SiO2 than the majority of the WFO, and that K2O and Sr
contents are outside the range of the WFO. Allibone et al. (2009c) suggest that the robin
gneiss may be correlative with gneisses at Macpherson Pass south of Lake Eva that are
interlayered and grade into Paleozoic amphibolite facies paragneisses and orthogneisses.
2.1.5. Major Cretaceous contractional structures in Fiordland and Stewart Island
Early Cretaceous contractional structures in Fiordland and Stewart Island (Fig.
2.1b, inset) are found along major lithologic boundaries as well as within plutons of the
WFO. These shear zones and fold-thrust belts formed before, during, and after
emplacement of the WFO. These structures served to thicken the crust, and at least
locally, facilitated the vertical transport of melt (e.g. Marcotte et al., 2005).
The Grebe mylonite zone (GMZ) is the oldest known Cretaceous transpressional
shear zone in Fiordland, shown by Scott et al.
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(2011)

to

have

accommoadated

between 7 to 25 km of crustal thickening between ≥128 Ma and ≥116 Ma. The steeply
dipping, amphibolite-facies sinistral reverse shear zone exploited the boundary between
the Outboard Median Batholith and the Western Province-Inboard Median Batholith,
exposed at mid-crustal levels. West of the GMZ, Scott et al. (2011) identified a foliation
in the 120.7 ± 1.1 Ma Refrigerator orthogneiss defined by aligned subhedral feldspar
grains with little intracrystalline deformation. Hornblende and plagioclase compositions
in foliated exposures were identical to unfoliated exposures. These observations suggest
that the Refrigerator orthogneiss, part of the Early Cretaceous suite of plutons intruded
along the suture of the Inboard and Outboard Median Batholiths, was emplaced into the
active GMZ. Additional evidence of synmagmatic deformation is found at Mount Daniel,
where the lowermost contact of the WFO preserves a coarse magmatic flow foliation
parallel to the contact (Klepeis et al., 2004) as part of the Mount Daniel shear zone
(MDSZ). Foliations of the MDSZ are transposed into the subsolidus Indecision Creek
shear zone (ICSZ) (Klepeis et al., 2004).
Compared to the GMS and MDSZ, motion along the steeply dipping George
Sound and Indecision Creek shear zones (GSSZ, ICSZ) post-dates emplacement of the
WFO, each active between 119 and 111 Ma (Klepeis et al., 2004; Marcotte, et al., 2005).
Both the ICSZ and GSSZ cross-cut the dioritic WFO at lower crustal levels. The ICSZ
records kinematically partitioned transpression, with approximately arc-normal
shortening and vertical elongation accompanying dike emplacement in high strain zones,
and sinistral offset in lower strain zones (Marcotte et al., 2005). The ICSZ cross-cuts a
significant portion of the Worsely pluton (WFO), but also parallels the contact between
the Outboard Median Batholith and the Paleozoic
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intrusives

of

the

Inboard

Median Batholith. The GSSZ also records approximately arc-normal shortening with
vertical transport in high-strain zones, cross-cutting portions of the interiors of the
Worsely and Misty plutons, and soling into the Caswell Sound fold and thrust belt
(Klepeis et al., 2004).
The Caswell Sound fold and thrust belt, active between 117 and 113 Ma
(Schwartz et al., 2016), displaced rocks of the Western Province along the upper contact
of the WFO via imbricate, granulite-facies thrust zones. Compared to previously
described shear zones, the Caswell Sound fold and thrust belt preserves evidence of
shortening at high angles to trend of the inferred subduction zone on more gently dipping
structures. Folds and shears at Caswell sound show a metamorphic gradient, with
microstructures indicating the highest temperatures of deformation localized in proximity
to the WFO contact (Daczko et al., 2002).
On Stewart Island (Figure 2.1b), Early Cretaceous deformation in the Freshwater
fault system is preserved as steeply dipping greenschist and amphibolite facies brittle and
ductile faults and shear zones along the margin of the Inboard and Outboard Median
Batholiths. Offset along the Freshwater fault system is younger than c. 130 Ma, and was
dominantly reverse dextral, with the southern block displaced over the northern block
(Allibone and Turnbull, 2008). The Gutter shear zone, also on Stewart Island, was active
between 120 and 112 Ma, and preserves evidence of reverse dextral offset and similar
geometries to the Freshwater fault system (Allibone and Tulloch, 2008).
2.2 Transpression in continental arc settings
Transpressional deformation is the combination of coaxial and non-coaxial strain
occurring in settings where components of both
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shortening

and

strike-slip

deformation are present (Dewey et al., 1998) These displacements are commonly found
along obliquely convergent plate boundaries, both modern and ancient, where, by
definition, one plate undergoes both shortening and strike-slip displacements relative to
another plate (e.g. Philippon and Corti, 2016; Zibra et al., 2014; Hollister and
Andronicos, 2006). Since purely shortening or strike-slip plate boundaries are two endmember scenarios, the presence of transpression should be expected and is necessary,
given that these plate tectonic processes are playing out on an oblate spheroid.
Transpressional deformation can be described as homogenous, where strike-slip
and contractional deformation occur along the same structures at the same magnitude
within a defined zone (Sanderson and Marchini, 1984). Alternatively, and more
realistically, transpression may be heterogeneous, or partitioned, where either the
magnitude of strain or the kinematics of deformation vary within the volume of the
deforming zone (Teyssier et al., 1995; Dewey et al., 1998; Fossen and Tikoff, 1998).
Partitioned transpression is a known occurrence in magmatic arcs forming at
obliquely convergent margins, where strike-slip deformation is accommodated along the
axis of the arc, particularly along the margin of plutons, and contractional deformation is
localized into the forearc and backarc regions (Saint Blanquat et al., 1998). This
partitioning is thought to be due in part to thermal weakening along the margins of arc
plutons parallel to the trend of the arc (Saint Blanquat et al., 1998), resulting in kinematic
partitioning even under high angles of convergence (Tikoff and Teyssier, 1994). Modern
examples of partitioned transpression are summarized in Philippon and Corti (2016), and
include strike-slip displacements along the Great Sumatran fault in the Sunda plate,
overriding the Sunda trench (Katili, 1970; McCaffrey, 2009). In this case, dextral
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displacements are localized along the Sunda arc.
The interpretation of strike-slip localization facilitated by magmatism contrasts
with observations by Saint Blanquat et al. (1998), where transpressive deformation can
also facilitate magmatism, contributing to the pressure gradient allowing magma to move
through the crust. An ancient example of partitioned transpression includes the Late
Cretaceous Rosy Finch shear zone (RFSZ) in the Sierra Nevada batholith (Tikoff and
Saint Blanquat, 1997). There, the RFSZ was synmagmatic with respect to the youngest
plutons, including the Mono Creek granite, suggesting that deformation facilitated the
movement of magma through the upper crust.
Saint Blanquat et al. (1998) have suggested that these contrasting relationships
between deformation and magmatism are parts of a positive feedback cycle. However,
there tends to be a paucity of evidence for deformation prior to magmatism since most
structures proximal to plutons are easily obliterated over the course of an arc’s magmatic
history. For this reason, we use well-preserved exposures of pluton margins in Fiordland
to investigate the relationships between magmatism and strike-slip, oblique-slip, and dipslip components of deformation.
2.3. Structural reactivation
In geology, reactivation, or the accommodation of geologically distinct
deformation events along pre-existing structures (Holdsworth et al., 1997), is a
characteristic phenomenon of continental arc settings. Because continental crust is
resistant to subduction, it tends to persist at the surface, recording multiple deformation
events. This is especially true of continental arc settings, which on a plate tectonic scale
are locations of repeated and tectonically varied
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deformation.

In

these

environments, evidence of processes including subduction, magmatism, back-arc
extension, and the accretion of terranes all create large-scale anisotropies in the crust, and
can be preserved over the course of a single mountain-building event. We refer to the
influence of preexisting anisotropy as structural inheritance; and it plays a role in
continental arc settings during long-lived growth, as well as during subsequent
extensional orogenic collapse or other tectonic regime change.
An important distinction to make is the difference between reactivation and
reworking. Reactivation describes deformation along a preexisting structure (Holdsworth
et al., 1997), while reworking defines the process of repeated deformation and
metamorphism occuring over a larger scale, but still focused into a specific lithospheric
volume (Holdsworth et al., 2001). Acknowledging this difference, this thesis uses a
generalized definintion of reactivation to include reworking. In this way, mechanisms for
reactivation and resultant localization of deformation can be described at scales greater
than a discrete fault or shear zone.
Reactivation occurs because earlier geologic events produce structures that serve
as long-term weaknesses (White et al., 1986). In arc settings, these weaknesses can be
mechanical, mineralogical, or thermal in nature. Processes leading to mechanical
weaknesses include grain-size reduction as well as the formation of incohesive fault
zones (White et al., 1986; Holdsworth et al., 1997). Reaction softening, a mineralogicalbased mechanism of weakening, relies on the growth of weak mineral phases during
deformation (White et al., 1986). Because faults and shear zones are often accompanied
by retrogressive mineral assemblages, phases including chlorite and micas may grow
during initial deformation and persist in a weakend zone compared to surrounding
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rock. By contrast, thermal processes do not on their own create lasting weaknesses, but
deformation coeval with or immedately following magmatism can still be localized
within a thermal aureole, or along the long axis of an arc pluton (Saint Blanquat et al.,
1998). These mechnisms are not mutually exclusive, as all three are observed in arc
environments, where both mechanical and thermal weakening can occur simultaneously
with metamorphic mineral growth, further weakening a specific zone and promoting
reactivation and localization later in the arc’s history.
In this thesis, I consider structural reactivation from the thin section to map (km)
scale in a section of exhumed middle–lower arc crust. When paired with observations of
cross-cutting relationships and intrusive events, structural inheritance and reactivation
can be considered to better understand the location, geometry, and kinematics of younger
deformation events. Younger events could be significantly younger (e.g. occurring under
an entirely different tectonic regime after a period of tectonic quiesence), or younger
deformation could reflect the episodic formation of a magmatic arc, with deformation
punctuated by magmatism. In the latter case, then, observations of structural inheritance
and reactivation can be used to better understand the tectonic conditions that
accompanying episodic high-flux magma events during arc construction.
2.4. Cyclicity of orogenesis in continental arc settings
Geochronological studies undertaken to investigate the timescales of continental
arc construction have shown that instead of a steady flux of magma through time, arcs
grow episodically, with high volume magmatic events that punctuate low background
levels of magmatism (Armstrong, 1988). These high flux events (HFEs) in some cases
comprise over 60% of the plutonic portion of an arc by volume (Ducea and Barton,
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2007; Girardi et al., 2012), and can be emplaced in a little as 5 to 20 Ma (Ducea et al.,
2015). Because arc environments are the primary generators of continental crust, and
HFEs are linked to much of the magmatism in continental arcs, mechanisms for the
emplacements of HFEs are of particular interest.
Causes of episodicity in arc construction are classified by Paterson and Ducea
(2015) as either external forcings or internal cyclic processes. External forcings include
changes in mantle flow, plate reconfigurations, and collisions. Internal cyclic processes
broadly include any linked processes between magmatism and tectonics within the arc
itself, including the upper and lower (subducting) plates as well as the mantle (Paterson
and Ducea, 2015).
External forces have been called upon to explain some HFEs, including Jurassic
and Cretaceous tectonic reorganization events as a cause for flare-ups in parts of the
North and South American Cordillera (Matthews et al., 2012; Paterson and Ducea, 2015).
Mechanisms for triggering HFEs related to cyclic processes within arcs have been
proposed by Ducea et al. (2015a,b), Ducea (2001), and DeCelles (2009), with the
prevailing idea being that thickening of the crust via forearc and/or backarc thrusting is
sufficient to deliver melt-fertile crust to depths where melting can occur. This
phenomenon can be cyclical when paired with the observations that melting leaves
behind dense cumulates which, once delaminated, allow for convection and a period of
extension prior to renewed contraction and crustal thickening.
Because our field area in central Fiordland includes the margins of a pluton
emplaced during an HFE, it is an ideal location to consider the potential structural
controls on magma flare-ups. What’s more, because the WFO was emplaced at lower37

mid crustal levels, we have a unique opportunity to study these controls at deeper levels
than most other examples in the North and South American Cordillera.
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CHAPTER 3: THE STRUCTURAL EVOLUTION OF A PORTION OF THE
MEDIAN BATHOLITH AND ITS HOST ROCK IN CENTRAL FIORDLAND,
NEW ZEALAND: EXAMPLES OF PARTITIONED TRANSPRESSION AND
STRUCTURAL REACTIVATION
3.1. Introduction
Continental arcs are tectonic environments characterized by repeated cycles of
magmatism, deformation, and metamorphism (e.g. DeCelles et al., 2009). A consequence
of this cyclicity is the accumulation of superposed structures and intrusive events.
Because preserved faults, shear zones, and foliations tend to act as weaknesses compared
to their host rock (Holdsworth et al., 1997), these structures often reactivate, or
accommodate subsequent deformation after their initial formation. This localization of
younger structures into pre-existing zones is a necessary consideration in the study of
how continental arcs evolve; during their progressive growth, during extensional
collapse, and under any other tectonic regime during an arc’s history.
One component of continental arc cycles is the occurrence of high-flux events
(HFEs), or episodes of magmatism that greatly exceed background levels (e.g. DeCelles
et al., 2009; Ducea et al., 2015a,b; Ducea, 2001). HFEs, or magma flare-ups are an
important topic in studies of arc evolution, as continental arcs are the primary producers
of continental crust, and HFEs are a primary sources of melt within continental arcs.
Study of the tectonic and structural setting associated with magma emplacement during
HFEs is, therefore, important for understanding the generation of continental crust. When
paired with observations on reactivation, it is possible to determine influence that preexisting structures have on HFEs, and to what extent HFEs have an impact on
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subsequent deformation. In rare instances where an HFE occurs at mid-lower crustal
depths and is later exhumed, studies of emplacement mechanisms and structural
reactivation are necessary in order to get a full understanding of how continental arcs are
constructed.
Field-based observations of cross cutting, superposed structures are well suited
for the identification and description of reactivation, since the process necessarily
involves one structure forming before another. When paired with observations of
deformation relative to distinct intrusive benchmarks (including HFEs) as well as
geometric, kinematic, and textural observations from many stations, it is possible to
construct a correlated structural, metamorphic, and magmatic history of at least a portion
of the arc. This sequence can then be used as a tool to assess the extent of reactivation
through an arc’s history and, importantly, to determine what tectonic style was operating
during episodic magma flare-ups.
The Fiordland region of New Zealand presents an ideal area for study of the
cyclical evolution of a continental arc. Rocks exposed in Fiordland range in age and
protolith from Cambrian Gondwana-margin sediments to Cretaceous arc plutons at mid–
lower crustal levels. Plutons intruded between Late Devonian and Cretaceous times form
part of the Median Batholith (Figs. 3.1, 3.2), a linear belt of intrusives representing arc
growth that culminated in the Early Cretaceous with emplacement of the Western
Fiordland Orthogneiss (WFO) and the Separation Point suite (SPS) between c. 125 and
110 Ma (Allibone et al., 2009c; Ramezani and Tulloch, 2009). Over the c. 255 Ma history
of the Median batholith, of which c. 7,000 km2 is exposed, c. 3,100 km2 was emplaced as
part of the WFO or SPS over c. 15 Ma. This

may be considered an HFE in its own
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right, but emplacement of the c. 2200 km2 WFO also includes a concentrated period of
magmatism between 118 and 115 Ma (Sadorski, 2015; Schwartz et al., 2016). The WFO
intruded at mid–lower crustal levels (40–65 km) (Allibone et al., 2009c; De Paoli et al.,
2009; Clarke et al., 2013), and its subsequent exhumation to the surface, then, allows for
us to study the structural environment during its emplacement as a means to understand
possible relationships between deformation and magmatism at mid–lower crustal levels.
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Figure 3.1. Tectonic reconstructions and current tectonic setting of Fiordland, New Zealand. A. 90
Ma reconstruction of Fiordland and nearby areas of the Gondwana margin. The Inboard and
Outboard components of the Median Batholith are highlighted in red and green, respectively. Black
lines, with the exception of the future Tasman rift, represent the locations of rifts formed after 85
Ma. Figure is modified from Tulloch et al. (2009, 2010), with content after Mortimer at al. (2005),
based on Sutherland (1999), Gaina et al. (1998), and Eagles et al. (2004). B. Current tectonic setting
of New Zealand. In addition to the Alpine Fault, most known active faults are represented as thin
black lines. Both Inboard and Outboard sections of the Median Batholith are shown in orange. Light
blue areas of seafloor represent the submerged portion of Zealandia, and correspond to light blue
areas in Fig. 3.1a. Inset represents the configuration of Fiordland and Westland prior to
displacement along the Alpine Fault, but preserves the orocline attributed, in part, to the late
Tertiary tectonic setting. Interpreted configuration of Westland, Fiordland, and Stewart Island prior
to orocline development is shown in Fig. 3.1a. Map, with Pacific plate vectors, is modified from
Turnbull et al. (2010), with extent of the Median batholith from Mortimer (2004).
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Figure 3.2. Simplified geologic map of Fiordland. Content modified from Turnbull et al. (2010).
Major Cretaceous ductile structures are shown, as well as a range of Cretaceous–Cenozoic, brittle–
semi-brittle faults that outline the current configuration of Fiordland’s major lithologic domains.
Lithologic domains, including the Western Fiordland Orthogneiss (WFO) and other rock units
significant to my field area, are also represented. SMBFS– Spey-Mica Burn fault system.

Structures preserved in Fiordland range in age from Paleozoic gneissic foliations,
to Cretaceous transpressional and extensional shear zones, to overprinting brittle and
semi-brittle fault sets reflecting a transition to the modern tectonic setting dominated by
the Alpine fault (Fig. 3.2). The structural sequence is punctuated by the patchwork of arc
magmatism, and we therefore have the ability to investigate the relationship between
magmatism and deformation and the influence of inherited structures during subsequent
deformation events. This is the ideal setting in which to investigate both the extent and
style of reactivation during the evolution of mid–lower portions of a continental arc.
Previous work in Fiordland has revealed a series of Cretaceous shear zones which
formed during arc growth. These structures recorded transpression, or the simultaneous
accommodation of both shortening and strike-slip displacements. Included are the
Caswell Sound fold and thrust belt, Indecision Creek shear zone (ICSZ), and George
Sound shear zone (GSSZ) (Daczko et al., 2002; Marcotte et al., 2005; Klepeis et al.,
2004). Shear zones formed during extensional orogenic collapse include the Doubtful
Sound, Resolution Island, and Mount Irene shear zones (DSSZ, RISZ, MISZ) (Gibson et
al., 1988; Gibson and Ireland, 1995; Klepeis et al., 2007; Scott and Cooper, 2006). The
only structures interpreted as syn-magmatic are the transpressional Mount Daniel shear
zone (MDSZ) (Klepeis et al., 2004), and the transpressional Grebe mylonite zone (GMZ)
(Scott et al., 2011), the latter of which is distal to the WFO at a separate tectonic
boundary. Our field area, located away from known extents of post-magmatic Cretaceous
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shear zones, is an ideal location to look for evidence of synmagmatic deformation
accompanying emplacement of the WFO. Moreover, the extended history of deformation,
magmatism, and metamorphism has resulted in the formation of penetrative anisotropies
as well as more localized structures such as faults, shear zones, and lithologic contacts;
all of which serve as inherited structures during younger deformation events.
This study presents the results of the field-based approach described above,
applied to a multiply-deformed field area in central Fiordland (Fig. 3.3) that preserves
evidence of Cambrian–Devonian Gondwana-margin sedimentation and Devonian–
Cretaceous arc magmatism culminating with emplacement of the dioritic WFO as an
HFE at mid–lower crustal levels. Structures in the field area include a layered assemblage
of Paleozoic ortho- and paragneisses, Cretaceous shear zones and fold belts, localized and
narrow Cretaceous or Tertiary (ultra)mylonititic shear zones, and Tertiary brittle and
semi-brittle faults. Our field area, therefore, offers an excellent opportunity to address the
two overarching goals of this project: 1) determine the tectonic environment
accompanying a mid–lower crust magma flare-up before the onset of extension and
fragmentation of Gondwana beginning between 108 and 106 Ma (Schwartz et al., 2016;
Scott and Cooper, 2006); and 2) identify and describe instances of reactivation which
occurred over the arc’s history in our field area, and determine the extent to which
inherited structures influenced the distribution, geometry and kinematics of younger
structures. Results of our field work are presented as an updated geologic map (Plates 1,
2) representing structures and lithology over ~60 km2, an accompanying series of new
cross sections (Figs. 3.4–3.9); a fence diagram highlighting the spatial relationships of the
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Figure 3.3. Geology of central Fiordland. Field camp years and locations included (A). Map is paired
with explanation of symbols (B). Content is modified from Turnbull et al. (2010). Lithologies, faults,
and contacts outside of the field area bounding box are unmodified where they are discontinuous
with features within our field area. Foliation trajectories are after Turnbull et al. (2010) as well as
our own field data.

profiles (Fig. 3.10); two summary maps: one highlighting Cretaceous and older ductile
structures (Fig. 3.11), and one representing younger shear zones and faults (Fig. 3.12).
The geometry and kinematics of the oldest Cretaceous thrusts and shear zones are also
represented in a block model (Fig. 3.13). Maps and profiles are paired with equal-area
stereonets of ductile structures and extensive fault-slip analysis of Tertiary faults.
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Figure 3.4. Composite profile A-B’.A-A’’ and B-B’ were unified by projecting along strike of a shared (and regionally representative) measurement
collected at station 15AB-92, located between both lines of section in the Cozette pluton. Figure 3.10 represents composite profile A-A’’ and B-B’
individually. Equal area stereoplots represent structural domains (poles to S2) along the profile. There is a subtle structural discontinuity between
exposures of the Misty pluton above and below the screen of host rocks. Line of section shown in Plate 1. Symbols defined in Plate 2.
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Figure 3.5. Profile C-C’.Line of section shown in Plate 1. Symbols defined in Plate 2.
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Figure 3.6. Profile D-D’.Line of section shown in Plate 1. Symbols defined in Plate 2.

Figure 3.7. Composite profile E-E’’. Profile represents the geology on either side of Cozette Burn. E-E’ is projected perpendicular to the trend of the
profile to meet the western end of E’-E’’, 46 m higher than E’-E’’. Line of section shown in Plate 1. Symbols defined in Plate 2.
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Figure 3.8. Profile F-F’.Line of section shown in Plate 1. Symbols defined in Plate 2.

Figure 3.9. Profile G-G’’. Profile is approximately parallel to the strike of the major structures in the field area, and as such, many features have an
apparent dip that is much less than those shown in previous profiles. Apparent normal offset is also a consequence of the interaction between foliation
geometries and the trend of the profile. Profile G-G’’ connects previous profiles into the fence diagram shown in Figure 3.10. Line of section shown in
Plate 1. Symbols defined in Plate 2.
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Figure 3.10. Fence diagram of the Cozette Burn area of Central Fiordland, New Zealand.Perspective image rendered in Google™ Sketchup 8 with 35°
field of view, and edited in Adobe Illustrator CS4.
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Figure 3.11. Geologic map of Early Cretaceous and older ductile structures in the Cozette Burn area
of Central Fiordland, New Zealand. Symbols are defined in Plate 2, and sources for data within the
map are referenced in Plate 1. In this map, lineations are blue, instead of the black symbols
referenced in Plate 2. D4 semi-brittle faults are not emphasized but are included, as the majority of
lithologic contacts in the field area are fault-controlled. For clarity, some structural data points are
omitted, and some have been moved slightly to avoid excessive overlapping. Lines of section
correspond to Figs. 3.4-3.9.
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Figure 3.12. Geologic map of Late Cretaceous–Cenozoic mylonitic and brittle–semi-brittle structures
in the Cozette Burn area of Central Fiordland, New Zealand. Symbols are defined in Plate 2, and
sources for data within the map are referenced in Plate 1. In this map, lineations are shown in
magenta, and fault data are shown in blue, instead of the black symbols referenced in Plate 2. For
clarity, some structural data points are omitted, and some have been moved slightly to avoid
excessive overlapping. Lines of section correspond to Figs. 3.4-3.9.
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Figure 3.13. Recessed block diagram highlighting Early Cretaceous deformation in the Cozette Burn
region of Central Fiordland, New Zealand. All three domains of D2-associated deformation are
visible on either side of Cozette Burn. Perspective image rendered in Google™ Sketchup 8 with 35°
field of view, and edited in Adobe Illustrator CS4.

3.2. Geologic background
3.2.1. Paleozoic assemblages
Fiordland’s geological foundation consists of thick packages of Cambrian and
older Gondwana passive margin sediments of the Buller and Takaka terranes (Mortimer,
2004). The metasedimentary terranes, collectively referred to as the Western Province,
have accommodated long-lived and episodic magmatism, starting with emplacement of
the Pandora orthogneiss and Jaquiery granitoid gneiss (Fig. 3.2) in the Cambrian
(Ramezani and Tulloch, 2009) soon after deposition of sediments (Scott, 2008).
Amalgamation of the Buller and Takaka terranes approximately coincided with the onset
of magmatism of the Median Batholith (Turnbull et al., 2010), and the first of three
known regional metamorphic events (M1) in Fiordland: a low-pressure/high-temperature
event at 360–370 Ma characterized by upper amphibolite-facies metamorphism and
sillimanite growth in pelitic exposures (Ireland and Gibson, 1998, Allibone et al., 2007).
A second regional metamorphic event (M2) occurred between 340 and 330 Ma,
approximately coinciding with the emplacement of the Cozette pluton at 340.9 ± 3.4
[±7.4] Ma (U-Pb zircon, bracketed error includes decay constant errors, Ramezani and
Tulloch, 2009). This second event is characterized by mid–upper amphibolite facies
metamorphism and the growth of kyanite in aluminous rocks (Ireland and Gibson, 1998;
Daczko et al., 2009; Scott et al., 2009a). This event is interpreted by Ireland and Gibson
(1998) to record structural and/or magmatic loading/thickening
60

of

the

crust.

Widespread, highly episodic magmatism continued during and between both
metamorphic events, recorded in plutons with emplacement ages ranging from 371 to 305
Ma (Tulloch et al., 2009a).
Following a period of inferred tectonic quiescence, resumption of subduction
leading to amalgamation of the Western Province with an outboard package of
metasedimentary and metavolcanic rocks (the Eastern Province) is marked by increased
magmatism in the Late Triassic. The Darran suite was emplaced during this time, with
magmatism increasing in the Jurassic (Kimbrough et al., 1994; Muir et al., 1998;
Allibone et al., 2009b). The Darran Suite is preserved as a component of both the
Outboard (eastern) and Inboard (western) Median Batholiths.
3.2.2. Cretaceous intrusives
At c. 125 Ma, the rate of magmatism increased further, corresponding with
emplacement of the Western Fiordland Orthogneiss (WFO) and Separation Point suite
Suite (SPS) through c. 110 Ma (Mortimer, 2004). Of Fiordland’s nearly 12,000 km2 of
“dry” land, ~7000 km2 of exposed bedrock is part of the Devonian–Cretaceous Median
Batholith. Of these exposed intrusives, ~3100 km2 was emplaced as part of the dioritic
WFO or granitic–tonalitic SPS (Turnbull et al., 2010) over a period of c. 15 million years,
ending ~5 million years before the onset of extension. Early Cretaceous magmatism
coincides with the third recognized regional tectonic/metamorphic event in Fiordland
(M3): loading/thickening of the crust to metamorphose WFO plutons to granulite facies
(Bradshaw, 1989; Ireland and Gibson, 1998; Clarke et al., 2000; Daczko et al., 2001;
Daczko et al., 2002; Klepeis et al., 2007), and to metamorphose a larger volume of WFO
host rock at mid amphibolite-facies conditions, with growth of kyanite-bearing
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assemblages (Daczko et al., 2009; Scott et al., 2009b; Bradshaw, 1991). Specifically, this
third metamorphic event is dated to between 116 and 108 Ma, temporally overlapping
with high-volume magmatism of the WFO Misty and Malaspina plutons between 118 and
115 Ma (Schwartz et al., 2016).
3.2.3. Cretaceous structures
Cretaceous deformation in Fiordland can be divided into two categories based on
timing and tectonic regime: 1) Syn- and post-magmatic, Early Cretaceous transpressional
shear zones and fold-thrust belts, and 2) mid-Cretaceous extensional shear zones.
Previously described Early Cretaceous structures in Fiordland (Fig. 3.2) include the
Grebe mylonite zone (GMZ), the Mount Daniel Shear Zone (MDSZ), the George Sound
shear zone (GSSZ), the Indecision Creek shear zone (ICSZ), and the Caswell Sound fold
and thrust belt. Extensional shear zones related to orogenic collapse and the
fragmentation of Gondwana include the Doubtful Sound shear zone (DSSZ), the
Resolution Island shear zone (SRSZ), the Mount Irene shear zone (MISZ), and on the
western coast of the South Island, the Paparoa metamorphic core complex.
Transpressional shear zones and fold-thrust belts
The GMZ is the oldest known syn-magmatic transpressional shear zone in
Fiordland, shown by Scott et al. (2011) to have accommoadated between 7 to 25 km of
crustal thickening between ≥128 Ma and ≥116 Ma. The amphibolite-facies shear zone
exploited the boundary between the Outboard Median Batholith and the Western
Province-Inboard Median Batholith during emplacement of the Refrigerator orthogneiss
at 120.7 ± 1.1 Ma (Scott et al., 2011), exhumed from mid-crust levels. The MDSZ is
preserved at the base of the WFO, preserving igneous flow fabrics suggesting
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synkinemtic emplacement of the WFO (Klepeis et al., 2004). By contrast, motion along
the George Sound and Indecision Creek shear zones post-dates emplacement of the WFO
in their respective locations, each active between 119 and 111 Ma (Klepeis et al., 2004;
Marcotte, et al., 2005). Both the ICSZ and GSSZ cross-cut the dioritic batholith at lower
crustal levels, including foliations in the MDSZ in the case of the ICSZ. The ICSZ crosscuts a significant portion of the Worsely pluton, but also parallels the contact between the
Outboard Median Batholith and the Paleozoic intrusives of the Inboard Median Batholith.
The GSSZ cross-cuts portions of the interiors of the Worsely and Misty plutons, and
soles into the Caswell Sound fold and thrust belt. The Caswell Sound fold and thrust belt,
active between 117 and 113 Ma (Schwartz et al., 2016), displaced rocks of the Western
Province along the upper contact of the WFO via imbricate, granulite-facies thrust zones.
Compared to previously described transpressional structures, the Caswell Sound fold and
thrust belt preserves evidence of shortening at high angles to trend of the inferred
subduction zone. Folds and shears show a metamorphic gradient, with microstructures
indicating the highest temperatures of deformation localized in proximity to the WFO
contact (Daczko et al., 2002).
The above series of contractional structures demonstrates the occurrence of
reactivation of tectonic boundaries as well as the localization of shear zones along
thermally weakened zones adjacent to the WFO. Additionally, these structures, in
conjunction with high-flux emplacement of the WFO, are a viable mechanism for up to
25 km of crustal thickening (Bradshaw, 1989; Clarke et al., 2000; Daczko and Halpin.
2009), prior to the onset of extension by 106 Ma (Schwartz et al., 2016)
Extensional shear zones and detachments
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Upper amphibolite-facies metamorphism in the area of Doubtful Sound from c.
106 to 102 Ma is inferred based on titanite and metamorphic zircon dates obtained by
Schwartz et al. (2016). The timing of metamorphism agrees with the initiation of the
Doubtful Sound shear zone, constrained by syn-tectonic dikes to have formed prior to
101.4 ± 1.7 Ma (Klepeis et al., 2016) and 102.1 ± 1.8 Ma (Klepeis et al., 2007). The shear
zone is a lower metamorphic grade than granulite-facies foliations that it cross-cuts
(Klepeis et al., 2016), and its gently-dipping geometry and lineation orientation are
consistent with extension. The Resolution Island shear zone is similar to the Doubtful
Sound shear zone, but is constrained to be younger, with the onset of upper amphibolitefacies metamorphism and shearing occurring between c. 95 and 89 Ma (Hout et al., 2012;
Klepeis et al., 2016). Fig. 3.2 shows the distribution of the Resolution Island and
Doubtful Sound shear zones, each separating metasedimentary rocks of the Takaka
terrane in the upper plate from the Malaspina pluton (WFO) in the lower plate.
The Mount Irene shear zone (MISZ, Fig. 3.3) juxtaposes Takaka terrane
metasedimentary rocks (upper plate) against the Robin gneiss (lower plate). Scott and
Cooper (2006) use a late syn-tectonic dike to constrain the conclusion of displacement to
c. 108 Ma. The authors suggest that the MISZ is an extensional feature based on its
gently-dipping geometry, and its juxtaposition of upper plate rocks last equilibrated at c.
5.9 kbar and 603° C against lower plate rocks last equilibrated c. 8.5 kbar and 722 °C.
On the western coast of the South Island, the Paparoa metamorphic core complex
served as a large-scale detachment, juxtaposing a high-grade lower plate against an upper
crust, lower-grade upper plate. Spell et al. (2000) also identified syn-tectonic
emplacement of granitic magmas as well as volcanism and immature sedimentary
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sequences, all consistent with uplift and erosion related to extension between c. 110 and
90 Ma. Extension migrated away from Fiordland by c. 83 Ma, with rifting of New
Zealand from Australia and the formation of the Tasman Sea (Tulloch at al., 2009b).
3.2.4. Cenozoic structures
Extension transitioned to dextral transtension in the middle Eocene, evidenced by
sedimentation in basins along the Moonlight Fault System (Fig. 3.2) adjacent to
Fiordland and elsewhere in onshore and offshore New Zealand (Norris et al., 1978,
Turnbull et al., 2010; King, 2000; Sutherland, 2006). Evidence of extension and
transtension is also found within Fiordland. Newman (2014) identified a transtensional
fault system in western central Fiordland compatible with crustal thinning and
exhumation prior to the initiation of subduction at ~30–25 Ma in Fiordland. At this time,
major plate boundary reorganization resulted in dextral strike-slip motion along the
Alpine Fault and reactivation of the Moonlight Fault System (Lebrun et al., 2003; Norris
et al., 1978; Turnbull et al., 2010; Furlong and Kemp, 2009). The cessation of
transtension and initiation of strike-slip movement is represented by the rapid southward
migration of stage poles between 30 and 25 Ma, resulting in convergence and dextral
strike-slip movement starting in the north and migrating southward (Furlong and Kamp,
2009; King, 2000), largely consistent with the modern tectonic setting.

3.3. Description and distribution of Lithologic units
The lithologic architecture of my field area can be divided into eight major
groups. These are, from oldest to youngest: 1) metamorphosed Cambrian and older
continental margin sediments of the Irene Complex; 2) late Cambrian granitoid gneisses
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of the Jaquiery Suite (R. Turnbull, pers. comm., 2016) formerly grouped with the Irene
Complex; 3) Paleozoic amphibolites formerly grouped with the Irene Complex (R.
Turnbull, pers. comm., 2016); 4) the c. 340 Ma Carboniferous Cozette pluton (Ramezani
and Tulloch, 2009); 5) the c. 170 Ma Robin gneiss (R. Turnbull, pers. comm., 2016); 6)
the 122.6 ± 1.9 Ma Cretaceous Misty pluton (Allibone, et al., 2009c); 7) exposures of the
Separation Point suite, dated to c. 111 Ma (Schwartz, pers. comm., 2015); and 8) a
widespread population of pegmatitic felsic dikes ranging from c. 108 to 99 Ma
(Schwartz, pers. comm., 2015);. In our field area, all lithologic units are recognized in the
1:250,000 map of Fiordland drafted by Turnbull et al. (2010) as part of quarter million
scale map project, or QMAP, with the exception of the amphibolites and granitoid
gneisses. The comparatively small size of our field area has allowed for more detailed
mapping, giving cause for us to adjust contacts, and to further subdivide rocks previously
grouped as the Irene Complex. The following subsections detail the characteristics used
for identifying each of the major lithologic units in outcrop and in thin section, and
include information on updated extents.
3.3.1. Irene Complex
Turnbull

et

al

(2010)

describe

the

Irene

Complex

as

comprising

quartzofeldspathic and micaceous schists and gneisses, granitoid orthogneisses,
amphibolites and rare quartzites, with horizons of marbles and calc-silicates. They note
too, that the unit preserves evidence of lower grade metamorphism in the unit’s eastern
extent. North of our field area, nearby exposures of the Irene Complex described by Scott
and Cooper (2006) are identified as being composed of calc-silicate gneiss and marble,
quartzofeldspathic gneisses, amphibolites, and rare exposures of pelitic schist. Given the
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near continuous exposure of Irene Complex rocks between Scott and Cooper’s field area
and ours, it is not surprising that our lithologic criteria for identification are similar.
East of the Cozette pluton, in the central and northern sections of our field area,
we identify the Irene Complex, in part, as a well-foliated, quartzofeldspathic gneiss.
Outcrops are typically rusty-weathering, displaying cm-scale bands of biotite- and
hornblende-rich layers, and numerous foliation-parallel felsic veins. Cross-cutting
pegmatite dikes are ubiquitous (Fig. 3.14a). In thin section, samples from these outcrops
are composed of quartz, plagioclase, potassium feldspar, and biotite, with minor white
mica, garnet, chlorite, and clinozoisite (Fig. 3.14b).
In the southern reaches of our field area, exposures of the Irene complex are more
diverse, with the same rusty-weathering quartzofeldspathic gneiss observed to the north,
as well as pelitic schists and psammitic horizons (Fig. 3.14c). Foliation-parallel
leucocratic veins and cross-cutting pegmatite dikes are abundant. In thin section, pelitic
horizons contain abundant biotite, with quartz and plagioclase, and accessory garnet,
white mica, zoisite, and kyanite. Kyanite is identified based on Al-rich bulk composition,
birefringence,

and

the

presence

of
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deformation

twins

(Fig.

3.14d).
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Figure 3.14. Outcrop and thin section characteristics of the Irene Complex. A. Outcrop of
quartzofeldspathic gneiss with S1 defined by compositional banding. Pegmatite dike, traced in red,
intrudes the quartzofeldspathic gneiss and cross-cuts the early foliation. Geo for scale. B. Thin
section photomicrograph of quartzofeldspathic gneiss. Dominant mineralogy consists of quartz,
plagioclase feldspar, and biotite, with subordinate potassium feldspar, garnet, white mica, chlorite,
and trace clinozoisite. An S4 foliation is represented in this image, with top-to-right (northeast) sense
of shear. Image captured under crossed polars. Full arrow points up to oriented surface, half arrow
points away from strike (062°). C. Outcrop of Irene Complex in a more pelitic region. Biotite-rich
horizons display an S2 axial planar cleavage in the hinge zones of F2 folds. D. Thin section
characteristics of pelitic exposure of Irene Complex. Porphyroblasts of garnet and kyanite are
interpreted to have grown syn-tectonically with respect to D1. Image captured under crossed polars,
sample is unoriented. E. F2 in marble horizon at station 15AB-109. Inset shows second-generation
folds deforming first-generation folds. F. Quartzofeldspathic gneiss at station 15AB-108. Sample is
quartz- and biotite-rich, displaying evidence of a C’-S shear fabric. Full arrow points up, red half
arrow points parallel to lineation (219°). Sense of shear is top-to-the-southwest (blue arrows). Image
captured under plane polarized light.

Throughout the field area, intercalated horizons of marbles and calc-silicates are
present within the quartzofeldspathic gneisses. Horizons vary in thickness from <5 m to
~65 m, although Scott and Cooper (2006) note exposures of calc-silicates up to 300 m
thick on the faces of Mount Irene, and King (1984) observed bands ≥ 400 m thick to the
north, near Lake Wapiti. In thin section, marbles are composed of not only calcite, but
accessory phases included quartz, plagioclase, feldspar, garnet, diopside, and tremolite.
The most significant Irene Complex-related changes we have made to the map
originally drafted by Turnbull et al. (2010) (also referred to as the Fiordland QMAP)
concern differentiation between regions of quartzofeldspathic gneisses, marbles and calcsilicates, and regions of pelitic schists and psammitc horizons. Because of our
comparatively small field area, we were able to map marble and calc-silicate horizons in
addition to what is present in the Fiordland QMAP. With recent acquisition of
geochronology data (R. Turnbull, pers. comm., 2015), we have also removed large
amphibolite exposures and regions of granitoid gneiss from the Irene complex, and have
distinguished them as their own lithologic units, described below.
3.3.2. Granitoid orthogneiss of the Jaquiery Suite
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Outcrops of granitoid gneiss east of the Cozette pluton in the central portion of
our map area are recognized as well-foliated, with rafts of Irene Complex
metasedimentary rocks and rare ultramafic xenoliths. Mineralogy is dominated by quartz,
plagioclase, biotite, and hornblende, with accessory epidote and secondary chlorite. The
granitoid gneiss is frequently interlayered with a mafic or dioritic gneiss, having
abundant felsic veins (Fig. 3.15a). In thin section, the granitoid gneiss is difficult to
distinguish from the Cozette granitoid orthogneiss, but the two can be differentiated by
the orthogneiss having only trace garnet, and a lack of epidote with allanite cores (Fig.
3.15b) observed in samples of Cozette pluton. Moreover, the granitoid orthogneiss’
consistent association with a mafic gneiss is not observed in outcrops of the Cozette.
Granitoid gneiss is documented as a part of the Irene Complex lithology in the Fiordland
QMAP, but the small size of our field area has allowed for us to describe and represent
this lithology as its own unit.
Field observations of metasedimentary rafts support the designation of the
granitoid orthogneiss as an individual unit, and also indicate that it is an orthogneiss
rather than a paragneiss. Also, U-Pb zircon analyses yield an age of c. 485 Ma (R.
Turnbull, pers. comm., 2016), suggesting that this unit is part of the Jaquiery Suite of
granitoid gneisses described by Powell (2006), Allibone et al. (2009a), and Turnbull et al.
(2010), and that protoliths of the Irene Complex metasedimentary host rocks are, at
youngest, Cambrian in age
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Figure 3.15. Outcrop and thin section characteristics of Jaquiery granitoid gneiss and Paleozoic
amphibolite. A. Outcrop of interlayered granitoid orthogneiss and mafic gneiss of the Jaquiery Suite.
Both lithologies display an S1 foliation modified during D2, have been intruded by dikes, and faulted,
in this case along the contact between felsic and mafic lithologies. Foliation-parallel felsic veins are
characteristic of the mafic gneiss in the Jaquiery Suite. B. Thin section of granitoid orthogneiss.
Lithology is dominated by plagioclase, quartz, with subordinate chlorite and epidote. Irregular grain
boundaries here are interpreted to be the result of dynamic recrystallization via grain boundary
migration. Image captured under crossed polars, sample is unoriented. C. Outcrop of fine-grained
amphibolite gneiss. Foliation-parallel felsic dikes and veins are common, as are multiple generations
of cross-cutting pegmatite dikes. D. Thin section photomicrograph of coarse-grained amphibolite.
Primary minerals include hornblende and plagioclase feldspar. Subordinate minerals include garnet
(Fig. 3.23a) and biotite, here displaying decussate texture. Plagioclase and hornblende are
interpreted to have grown during the first phase of deformation, and to have statically recrystallized
after intrusion of the nearby tonalite (Fig. 3.19). Image captured under plane polarized light. Full
arrow points up to oriented surface, half arrow points to 335°.

3.3.3. Paleozoic amphibolites
Amphibolites of varying grain size crop out in the central and southern portions of
our field area east of the Cozette pluton. In outcrop, fine-grained amphibolites are
recognized by their dark color and abundance of hornblende and biotite, foliation-parallel
felsic veins, and cross-cutting pegmatite dikes (Fig. 3.15c). In thin section, fine-grained
amphibolites are composed of hornblende, biotite, quartz, plagioclase, varying amounts
of chlorite and white mica, epidote, and minor clinozoisite. Coarse-grained amphibolites
in the central portion of our field area are recognized by increased grain sizes, a strong
foliation, and lineations defined by coarse aggregates of hornblende instead of individual
grains. Foliation-parallel felsic veins are less pronounced, but pegmatite dikes remain
widespread. In thin section, samples of coarse amphibolite are defined by hornblende,
plagioclase, biotite, and occasional garnet, with accessory clinozoisite, epidote, titanite
and rutile (Fig. 3.15d).
Similar to the granitoid gneiss described above, amphibolites are documented by
Turnbull et al. (2010) as a lithology of the Irene Complex. We have mapped all outcrops
of amphibolite in our field area, and have, with motivation from recent geochronology
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results, represented amphibolites as their own map unit. An amphibolite sample from the
southern portion of out field area yielded an age of ~461 Ma (R. Turnbull, pers. comm.,
2016), suggesting that its protolith is younger than both the lithologies of the Irene
Complex and the granitoid gneiss.
3.3.4. Cozette pluton
Allibone et al. (2009a) describe the Cozette pluton as a leucocratic syenogranite,
with comparatively minor granodiorite, tonalite, and quartz diorite. Exposures, where
shear fabrics do not overprint them, are medium-grained. Turnbull et al. (2010) recognize
the Cozette pluton in the Fiordland QMAP as a variably foliated syenogranite–
granodiorite, with biotite, muscovite, and garnet. In our field area, the Cozette pluton is a
variably foliated monzogranite or granodiorite, with medium–coarse igneous grains of
plagioclase. In outcrop, the Cozette pluton can be distinguished from the Cambrian
granitoid orthogneiss by having more garnet, and by having only trace amounts of
hornblende. Additionally, cross-cutting diorite dikes are common; preserving folding that
reflects fabric-generating deformational events in the Cozette host rock (Fig. 3.16a).
Mineralogy is consistent, defined by: quartz, plagioclase, potassium feldspar, garnet,
biotite, white mica, accessory epidote (often with allanite cores), and occasional chlorite
and clinozoisite (Fig. 3.16b,c).
We have increased the extent of the Cozette pluton to the east, into an area
designated as part of the Irene Complex in the Fiordland QMAP. Rationale for this
change includes field observations of garnet and the lack of visible hornblende.
Observations were confirmed in thin section. Similarly, we add a screen of Cozette
pluton within the Misty pluton in the northern reaches of our field area, and reassign a
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portion of the fault slice to the east of the Misty as Cozette pluton (located northwest of
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Figure 3.16. Outcrop and thin section characteristics of the Cozette pluton. A. Outcrop of the Cozette
pluton with characteristic diorite dikes at station 15AB-72. Foliation (S2) is defined by compositional
banding in quartz and feldspar. Inset shows L2, defined by elongate aggregates of quartz, feldspar,
and some biotite. B. Thin section photomicrograph of the Cozette pluton along its eastern margin.
Quartz and plagioclase are the most abundant mineral phases, with subordinate potassium feldspar,
biotite, white mica, garnet, and epidote present as well. Dynamic recrystallization of quartz and
plagioclase in this sample is interpreted to be related to D4 shearing during oblique reactivation of
thrust faults. Shear sense is top-to-the right (northeast). Image captured under crossed polars. Full
arrow points up, half arrow points to 024°. C. Thin section photomicrograph of weakly foliated
Cozette granite. Igneous grains of plagioclase here show the extent of recrystallization of quartz and
potassium feldspar. Note corroded epidote grain. Image captured under crossed polars. Full arrow
points up to oriented surface, half arrow points to 168°. D. Possible mafic enclave within the Cozette
pluton, preserving an igneous flow fabric that corresponds to Fig. 3.16c.

point 1634 m and southwest of point 1484 m, see Plate 1). We note that differences
between the Cambrian granitoid orthogneiss and the Cozette pluton are subtle, and that
localized foliation development complicates differentiation between the two units.
However, thin section observations allow for us discern hornblende and garnet contents,
and to see through overprinting fabrics to compare igneous assemblages of each unit.
3.3.5. Robin gneiss
Scott and Cooper (2006) describe the Robin gneiss as interlayered hornblende,
biotite, and hornblende-biotite gneiss. They note variable amounts of hornblende and
quartz symplectites, biotite, and plagioclase. Turnbull et al. (2010) note that the Robin
gneiss contains xenoliths of hornblendite, gabbro, and calc-silicate gneiss, and that it is
also intruded by tonalite sills.
The Robin gneiss is exposed in the northern reaches of our field area, mapped by
Turnbull et al., (2010) as an uninterrupted unit extending north to encompass the
Footwall of the Mount Irene Shear Zone described by Scott and Cooper (2006). Turnbull
et al. (2010) also include exposures of Robin gneiss in the southern reaches of our field
area, in faulted contact with rocks of the Irene Complex and the Mount Barber gneiss.
In outcrop, the Robin gneiss contains abundant felsic veins with patchy garnet,
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ptygmatically folded and parallel to the dominant foliation (Fig. 3.17a). The dominant
foliation in the Robin gneiss is cut by pegmatite dikes, the shear number of which is best
observed at a distance (Fig. 3.17b).
In thin section, the Robin gneiss is composed of quartz, plagioclase, K-feldspar,
biotite, garnet, white mica, clinozoisite, pyroxene, trace oxides, and chlorite. Diagnostic
features include abundant quartz-clinozoisite symplectites and growth of secondary
garnet. Leucosomes visible in outcrop are observed in thin section to be composed
primarily of quartz, K-feldspar, and garnet (Fig. 3.17c).
In light of recent, unpublished geochronological analyses, we reassign the
exposure of Robin gneiss mapped by Turnbull et al. (2010) south of peak 1694 m as
Paleozoic amphibolite, dated to 461.2 ± 4.4 Ma (R. Turnbull, pers. comm., 2016).
Additionally, another unpublished age dates the northern exposure of the Robin gneiss to
c. 170 ± 3 Ma (R. Turnbull, pers. comm., 2016). This age is within the timeframe of
Darran Suite magmatism, as opposed to WFO magmatism as had been suggested by Scott
(2004) and Scott and Cooper (2006). This age is consistent with observations made by
Allibone et al (2009c), that Robin gneiss chemistry is inconsistent with a WFO protolith
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Figure 3.17. Outcrop and thin section characteristics of the Robin gneiss. A. Outcrop of Robin gneiss.
Leucosome, often garnet-bearing, displays ptygmatic folds. Foliation development in this sample is
interpreted to be related to D2. B. Manually stitched panorama of Te Au saddle and peak 1634m.
Thrusts are represented as thick black lines. Foliation trajectories are shown with thin black lines,
and the approximate trends of area profiles are shown in red. Cross-cutting dikes within the robin
gneiss are visible in the upper, middle, and lower thrust sheets. For scale, Camp 3 is contained
entirely within the yellow rectangle. Numbers along fault planes correspond to accompanying equalarea stereoplot fault plane summaries. View is to north-northwest. C. Thin section photomicrograph
of Robin gneiss. Dominant mineral phases include quartz, plagioclase and potassium feldspar.
Subordinate phases include hornblende, garnet, biotite, pyroxenes, and clinozoisite. Clinozoisite here
shows widespread symplectite textures with quartz. Image captured under crossed polars. Full arrow
points up to oriented, half arrow points to 086°.

3.3.6. Misty pluton
Allibone et al. (2009c) describe the Misty pluton as a medium-grained diorite.
Compositional variation across the exposed area of the pluton is largely dependent on the
degree of retrogressive mineral assemblages development, with central and western
regions of the pluton composed of a two pyroxene ± hornblende feldspathic diorite,
monzodiorite, and occasional monzonite. The eastern margin of the pluton, near our field
area are recognized by Allibone et al. (2009c) to be a strongly foliated, hornblende-rich
diorite with abundant epidote. Pluton margins distal to our field area are medium–coarsegrained diorites and quartz monzodiorites, with quartz-hornblende symplectites after
clinopyroxene, and relict clinopyroxene (Allibone et al., 2009c). While we observe the
characteristic well-foliated, quartz-poor, epidote-rich exposures of the Misty pluton (Fig.
3.18a), unfoliated outcrops and exposures of igneous flow fabric are common (Fig.
3.18b). Thin sections show relict ortho- and clinopyroxene grains, and fine intergrowths
of quartz and hornblende (Fig. 3.18a, c). The Misty pluton also contains allanite cores to
some epidote grains, and frequent instances of hornblende replacing garnet.
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Figure 3.18. Outcrop and thin section characteristics of the Misty pluton. A. Thin section
photomicrograph of gneissic Misty pluton ~ 1 km west of its eastern margin. Igneous plagioclase
grains are visible at center, surrounded by biotite and hornblende, the latter of which is intergrown
with quartz, suggesting that it is a metamorphic rather than igneous phase. Fine-grained epidote and
chlorite are visible as well. Image captured under crossed polars. Full arrow points up to oriented
surface. B. Magmatic foliations within 300 m of the sheared Misty-Cozette contact at 15AB-90. For
scale, pensive geo is 1.63 m tall. C. Thin section photomicrograph of intergrown hornblende and
quartz in a sample of the Misty pluton. Intergrowths suggest that the hornblende is secondary. Image
captured under plane polarized light. Full arrow points up to oriented surface.

Although we modified slightly the defining characteristics of the Misty pluton in
our field area, the unit remains distinct from neighboring lithologies. For that reason, we
have not modified the Misty pluton’s extent in any significant way from the Fiordland
QMAP. The only change we have made is to reassign a small portion of its area as a
screen of calc-silicates, tonalities, and granitoids on the western side of Coronation saddle
(Plate 1).
3.3.7. Tonalite of the Separation Point Suite
Rocks of the Separation Point Suite (SPS) are exposed in the eastern portion of
our field area. The exposure at station 15AB-28 (Plate 1) is an unfoliated, mediumgrained, light pink, biotite + white mica + clinozoisite tonalite (Fig. 3.19a). Sensitive high
resolution ion microprobe analysis of zircons from a sample collected at 15AB-28
yielded an age of 111.0 ± 1.1 Ma (Schwartz, pers. comm., 2015). This age, along with the
lack of observed foliation, gives us reason to reassign this unit from the Lake Hankinson
Complex. By comparison, the Lake Hankinson complex preserves a penetrative foliation
across its exposure (Allibone, 2009c), and yields U-Pb zircon emplacement ages between
c. 134 and c. 159 Ma (Ramezani and Tulloch, 2009). Furthermore, observations of field
relationships made by Scott et al. (2009b) suggest that some outcrops are Carboniferous.
With the reassignment of this exposure, we also note that this is the youngest documented
exposure of the Separation Point Suite in Fiordland.
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Figure 3.19. Outcrop and thin section characteristics of the Early Cretaceous tonalite of the
Separation Point suite. A. Outcrop photo of fresh exposure of Separation Point Suite. Outcrops of
this unit have no observed foliation. B. Thin section photomicrograph of Separation Point Suite.
There is no observed foliation in thin section, but irregular grain boundaries in quartz and
plagioclase suggest dynamic recrystallization via grain boundary migration (GBM) recrystallization.
Image captured under crossed polars. Sample is unoriented.
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In thin section, we recognize the Separation Point Suite as having irregularlyshaped feldspar grains that are frequently wider than ~2 mm (Fig. 3.19b). Irregular grain
shapes in feldspar and subgrains in quartz are both indicative of crystal-plastic
deformation, although this is not expressed as a foliation at the outcrop scale.
3.3.8. Leucocratic pegmatite dikes
The youngest recognizable unit in our field area is a population of leucocratic
pegmatite dikes. These leucocratic dikes have been described by Scott and Cooper (2006)
within the Irene Complex and Robin gneiss, but are treated here as their own unit,
because they serve as a useful benchmark against which to reference the development of
deformational structures. We observed dikes in all portions of our field area, cross-cutting
all previously described units (Fig. 3.20a), but the population of dikes described here is
only observed in the Irene Complex and its former correlatives, the Robin gneiss, and the
eastern margin of the Cozette pluton. Dikes along the western margin of the Cozette
pluton and in the Misty pluton were comparatively uncommon.
Dikes ranged in thickness from <10 cm to ~2 m, although satellite imagery
suggests that some may approach 8–10 m in apparent thickness. Sampled dikes are
composed primarily of quartz, plagioclase and K-feldspar, with accessory chlorite,
epidote, clinozoisite, white mica, biotite, calcite, titanite, zircon, and garnet (Fig. 3.20b).
Of these phases, calcite, white mica, biotite, chlorite, and some epidote are associated
with cross-cutting fractures (Fig. 3.20c).
Sensitive high-resolution ion microprobe analysis of zircons in sampled
leucocratic dikes yield ages between 98.7 ± 1.4 Ma and 108.5 ± 1.0 Ma (Schwartz, pers.
comm., 2015). The only dike sampled in the Misty pluton, from a station near Camp 2,
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yielded an age of 119.9 ± 2.8 Ma (Schwartz, pers. comm., 2015). Leucocratic dikes
within the younger age range are found elsewhere in Fiordland. Cretaceous dikes of
similar age include 113.4 ± 1.0 Ma post-tectonic dike from the Caswell Sound fold and
thrust belt (Schwartz et al., 2016), a 102.1 ± 1.8 Ma syn-tectonic dike within the Doubtful
Sound Shear Zone (Klepeis, et al., 2007), and a c. 108 Ma late syn-tectonic dike
deformed in and cross-cutting the Mount Irene Shear Zone (Scott and Cooper, 2006).
In addition to serving as a benchmark for upper and lower age limits on
deformation events, the high quartz and feldspar contents of the dikes serve as excellent
tools for describing conditions associated with a given deformation event (e.g. Fig. 3.20b,
d). Importantly, the dikes therefore may be employed to help see through the influence of
younger ductile structures in the host rock, helping the researcher to interpret earlier,
often higher temperature, structures formed during older deformation events. Because of
the heterogeneous distribution of younger deformational structures, the leucocratic dikes
were essential for correlating exposures of the earliest (D1 and D2) structures.
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Figure 3.20. Outcrop and thin section characteristics of leucocratic dikes. All photomicrographs are
from unoriented samples, captured under crossed polars. A. Field photo of felsic dike cross-cutting
foliated amphibolite south of peak 1694 m. B. Felsic dike collected in the folded footwall of an early
D4 fault. Quartz is deforming primarily through bulging recrystallization (BLG) and subgrain
rotation recrystallization (SGR). This sample is similar to dikes pictured in Fig. 3.41b. C. Calcite vein
in pegmatite dike collected at an outcrop of marble. The presence of the vein within the sample
highlights the extent of deformation accommodated by marble and calc-silicate horizons during D4associated faulting. D. Contrasting degrees of recrystallization in quartz and feldspar. D4-associated
deformation lead quartz to form numerous ribbons, while igneous feldspar grains remained largely
intact. Both phases are offset by a later phase of brittle deformation, highlighting the complex history
of D4–related structures in the map area since intrusion of the dikes.

3.4. Regionally correlated sequence of intrusives and deformational structures
3.4.1. Criteria for correlated sequence and analytical methods
Criteria for correlation
Four criteria are used as the basis for correlation of structures across the field area
represented in Plate 1. These criteria are:
1. Outcrop-scale cross-cutting relationships
2. Geometry and textural characteristics
3. Microstructural characteristics
4. Kinematics of deformation
Of these criteria, observations of outcrop-scale cross cutting relationships were
utilized first. We used the intrusion of igneous units including the Cozette pluton, Misty
pluton, and a suite of leucocratic dikes to bracket the timing of four deformation events,
D1-D4 (Table 1). We also use cross cutting relationships between different structures,
outlined in Table 2. Based on cross-cutting relationships, we have bracketed an early
deformation event (D1) to be older than the Cozette pluton at c. 340 Ma (Ramezani and
Tulloch, 2009) based on its absence in that unit. Structures formed during D2 reactivate
and deform first-phase structures, and are also found in the Misty pluton and Robin
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Table 1. Local structural history correlated with regional tectonic, metamorphic, structural, and
magmatic events. Abbreviations: RISZ–Resolution Island shear zone; DSSZ–Doubtful Sound shear
zone; MISZ–Mount Irene shear zone; ICSZ–Indecision Creek shear zone; GSSZ–George Sound
shear zone; MDSZ–Mount Daniel shear zone; GMZ–Grebe Mylonite zone; SABT–South Adams
Burn thrust; MSZ–Misty shear zone; WFO–Western Fiordland orthogneiss; SPS–Separation Point
Suite. Data sources: 1–R. Turnbull, pers. comm. (2015); 2–Allibone et al. (2009c); 3–Sadorski, J.
(2015); 4–Ramezani and Tulloch (2009); 5–Walcott, R.I. (1998); 6–Schwartz, pers. comm. (2015); 7–
Gaina, et al. (1998); 8–Scott and Cooper (2006); 9–Schwartz, et al. (2016); 10–Marcotte et al. (2005);
11–Scott et al. (2011); 12–Muir et al. (1998); 13–Ireland and Gibson (1998); 14–Allibone et al. (2007);
15–Daczko et al. (2009); 16–Scott et al. (2009a); 17–Scott et al. (2009c); 18–Bradshaw (1991); 19–
Klepeis et al. (2016); 20–Klepeis et al. (2007); 21–Hout et al. (2012). 22–Lebrun et al. (2003); 23–
Furlong and Kemp (2009); 24–Norris et al. (1978); 25–Turnbull et al. (2010); 26–House et al. (2002);
27–Tulloch and Kimbrough (2003); 28–Klepeis et al. (2004); 29–Turnbull et al. (2016).
Table 2. Criteria for constructing a correlated sequence of deformation events.

gneiss. Shear zones formed during D3 are found in the Misty and Cozette plutons,
transposing S2. Fourth-phase structures cross-cut those formed during D1–D3, and also
truncate a population of leucocratic pegmatite dikes.
Characterization of the geometry and textural aspects of structures in our field
area was used to define the extents of structures formed before or after different intrusive
events. S1, pre-dating Cozette pluton emplacement, is a gneissic foliation that dips
moderately to the southeast with two populations of mineral lineations, one trending
northwest-southeast

and

defined

by

hornblende and feldspar, and one trending
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northeast-southwest and defined by hornblende and biotite. Where reactivated during D2,
S1 instead dips gently–subhorizontally. S2 is a gneissic foliation that dips moderately–
steeply to the west or northwest, except where it reactivates S1, where it dips gently–
subhorizontally. L2 trends northeast-southwest or northwest-southeast, defined by quartz,
feldspar, biotite, and hornblende. Intensity of S2/L2 rock fabric development shows
gradients, intensifying toward the eastern contact of the Misty pluton, in both the Misty
and Cozette plutons. S3 is a mylonitic–ultramylonitic foliation that dips gently–
moderately between southwest and north, with mineral stretching lineations defined by
quartz and biotite, trending west-southwest. Fourth-phase structures consistently display
brittle characteristics, with fault surfaces striking and dipping variably, with variable
slickenline orientations. Geometric and textural characteristics of D1–D4 are summarized
in Table 3.
Microstructural

characteristics

are

informative

for

identifying

mineral

assemblages and their sequence of growth, as well as for describing relative temperatures
associated with multiple deformation events. Dynamic recrystallization in the forms of
bulging recrystallization (BLG), subgrain rotation recrystallization (SGR), and grain
boundary migration (GBM) represent, generally, increasing temperatures attending
deformation (Stipp et al., 2002). Additionally, grain geometries associated with the
presence of former melt, such as low dihedral angles and cuspate-lobate grain boundaries
are helpful for identifying samples preserving evidence of partial melting that may or
may not be visible in outcrop (e.g. Levine et al., 2016, 2013; Holness et al., 2011)
Thin section-scale observations are also used for identifying any inherited
foliations (Table 2). S1 is recognized in thin section by hornblende, garnet and kyanite
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growth, with an inherited, internal foliation (Si) preserved in garnet. S2 displays different
microstructural characteristics depending on location, with coarse aggregates of
hornblende and plagioclase and locations of igneous flow fabrics defining S2 in the Misty
pluton. In the Cozette pluton, quartz ribbons and evidence of grain boundary migration
(GBM) recrystallization define S2, and S2 in the Robin gneiss and amphibolites are
defined by the preferred orientation of mafic phases including hornblende and
occasionally pyroxene. S3/L3 shear zones are characterized by extensive grainsize
reduction via subgrain rotation (SGR) recrystallization in quartz and recrystallization of
feldspar to form mantles around feldspar porphyroclasts. Fourth-phase microstructures
include SGR in quartz, fracturing of feldspars, cataclastic zones, and pseudotachylyte.
Microstructural observations of deformation mechanisms and mineral growth are
summarized in Table 3.
Kinematic indicators were observed in both outcrop and in thin section. In
outcrop, we were careful to observe kinematic indicators parallel to lineation and
perpendicular to foliation, where possible. Samples for thin section were cut
perpendicular to foliation and parallel to observed stretching lineations. Where lineations
were observed and used in kinematic analysis, we looked for evidence of boudinage to
confirm that the lineations were true stretching lineations or other lineations related to
deformation (e.g. boudin necks).
Kinematics associated with D1 are scarcely preserved, but the northwest-southeast
trending hornblende lineation was accompanied by few asymmetric porphyroclasts and
folds, each giving a top-to-the-northwest sense of shear. Kinematic indicators formed
during D2 include fold vergence, shear fabrics, and asymmetric porphyroclasts. Sense of
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shear varies with proximity to the Misty pluton contact, with the Misty pluton and
portions of the Cozette pluton preserving top-to-the-southwest sense of shear, and the
remaining exposures of S2 showing dominantly top-to-the-northwest sense of shear.
Third-phase structures preserve top-to-the-west sense of shear in the form of S2 foliation
deflections, sigmoidal porphyroclasts, and asymmetric microstructures. Kinematic
indicators for fourth-phase structures are abundant, preserved as riedel shears, offset
markers, asymmetric folds and microstructures, or linear steps on fault surfaces. Types of
kinematic indicators that we observed are shown in Table 2, and all instances of
kinematic indicators and their corresponding orientations are shown in Table 4.
The following subsections present summaries of the structures associated with
each deformation event, addressing each of the criteria outlined in Table 2. Observations
related to these criteria are the main datasets of this project, and they are the basis for my
interpretations of each deformation event, D1–D4. The primary products of the analyses
that lead to the development of the correlated sequence of deformation events presented
in Tables 1 and 3 are: 1) A geologic map (Plate 1); 2) a series of accompanying geologic
profiles (Figs. 3.4-3.9); 3) a fence diagram (Fig. 3.10); 4) two geologic maps: one to
represent Cretaceous and older ductile structures (Fig. 3.11), and one to highlight the
youngest, dominantly brittle features (Fig. 3.12); and 5) a block diagram to represent the
3-dimensional extent of Cretaceous deformation features (Fig. 3.13).
Plate 1 preserves much of the data used in drafting the above figures, with
measurements omitted only where they crowded the map. Plate 1 also displays
geographic points of reference as elevations and named features. Lines of section were
drawn

with

attention

to

data

density
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to

represent

along-strike

structural
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Event

D2

D3

D4

Fault

Variation

S1-3 foliation-parallel thrust faults

down-dip slickenlines, rare reoriented L2
hornblende lineations.

Mylonitic–ultramylonitic foliation
defined by alignment of biotite,
secondary chlorite, white mica, quartz
subgrains, feldspar subgrains,
pretectonic hornblende.

Mineral stretching lineations defined by
needle-like biotite and secondary
chlorite aggregates, and elongate
aggregates of recrystallized quartz and
feldspar.

Crenulations of S1. Rare axial planar
cleavage in pelitic horizons and
reactivation of S1 in amphibolite
exposures.

Mineral stretching lineation defined by
fine-grained aggregates of hornblende

S3

L3

S2

L2

Quartz

GBM and
S2 biotite crenulation common, occasional occasional
development of
axial planar S2 in thicker biotite-rich
quartz ribbons.
horizons. Folds are consistently NWpossible melt
vergent. Syntectonic mineral growth
pseudomorphs,
includes garnet and kyanite. S2 reactivates chessboard
S1 in amphibolite horizons
extinction in the
Cozette pluton

Found along the contact of the Misty and
Cozette plutons and in the Cozette pluton
nearCamp 2, along the eastern contact of
the Misty and in a screen of Cozette
pluton at Coronation Saddle, and locally S2 foliation deflections, shear fabrics, and Deformation
along the faulted contact of the Cozette sigmoidal porphyroclasts show top-to-the lamellae, BLG,
SGR
pluton at Te Au Saddle. Shear zones are W or SW sense of shear.
typically no more than 10 m in thickness.
S3 strikes variably, dipping gentlymoderately, mostly to the NW.

cataclastic
deformation of
qtz grains, minor
BLG in larger
grains

Key crosscutting
relationships

Folds S3 and older
structures.

chlorite after biotite
and growing as small
tails in thin section.
Observed to reactivate
Epidote on many fault
earlier D4 thrusts.
surfaces and as
euhedral crystals in
small veins.

Characteristic mineral
growth

Occasional GBM,
otherwise only
small strain-free
grains are
present, possible
melt
pseudomorphs

Core-mantle
structures,
tapering
deformation
twins

In localized areas of S1
Deforms S1, crosscut by
reactivation, biotite
leucocratic pegmatite
growth is common.
dikes and deformed by
Otherwise F2 simply
D4 faults.
folds S1

Growth of biotite and
minor chlorite and
white mica.
Deforms S2/L2, crosscut
Otherwise, only
by faulting during D4 .
extensive dynamic
recrystallization of preexisting phases.

brittle fracturing
of feldspar grains,
Chlorite after biotite,
All faults truncate ≥ c.
grading into
epidote on many fault
97 Ma dike population.
cataclasite, large
surfaces
grains with
kinked twins.

brittle fracturing
and kinked twins
in large grains.
Some coremantle
development.

Feldspar

Microstructures and Defomation
mechanisms

Small quartz ribbons, shear fabrics and m- Strong ductile
scale asymmetric pods indicate top-to-the-component,
NE sense of shear for reactivated faults. abundant SGR
and BLG. Quartz
S2 foliation-parallel cataclastic horizons
common. Abundant cataclasis and some is cataclastic
pseudotachylyte development on strike- proximal to fault
surfaces.
slip faults.

Textures and kinematics

SE- and NW- dipping fault planes. Thrusts Upright-overturned isoclinal folds of S1,
with top-to-the NW sense of shear
transposed into m-scale zones of
located mostly in the SW part of the field cataclasite grading into ultramylonite and
area. Thrusts with top-to-the E or SE sense pseudotachylite along major thrust
of shear observed in the central and
surfaces. Fold vergence corresponds with
northern parts of the field area. Thrusts thrust sense for overprinting faults,
with top-to-the E sense of shear observed evidenced in riedel shears and offset
in exposures of S2.
markers.

Gently-dipping NE-SW trending fold axes.
Compatible with kinematics of thrust
faults. Obseved in Misty pluton host rocks

Ductile S4 dips variably around sheared
pods. Reactivated faults dip to the W or
SW, and are found primarily north of
Adams Burn. Strike-slip faults strike NE,
NW, and WNW, and are found throughout
the field area.

Orientations and distribution

Observed in quartzofeldspathic gneisses
and pelitic layers south of peak 1694 m.
South Adams Upright tight–isoclinal folds verging to
Burn thrust northwest with SE-dipping axial planes.
Reactivation of S1 occurs in subhorizontal
exposures of amphibolite.

Initial thrust
faulting

broad
warping

S1-3 foliation-parallel oblique thrust and
strike slip faults, gneissic–protomylonitic Obliqueductile component.
reverse
reactivation,
Oblique slickenlines on epidote stained strike-slip
faulting
fault surfaces, chlorite+biotite+quartz
mineral stretching lineation

Structures

Table 3. Sequence of deformation events in the Cozette Burn area of Central Fiordland, New Zealand.

F4 Gentle folds with km-scale wavelengths

Slickenline

Fault

Slickenline
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D1

D2

Earliest observed foliation. Preserved as
Si linear and curvilinear inclusion trails in
garnets grown during D1

Stretching lineation defined by elongate
L1 aggregates of hornblende, plagioclase,
and occasional biotite

Gneissic foliation defined by alignment
S1 of feldspar, biotite, and hornblende
aggregates and indiviual grains.

Stretching lineation defiend by elongate
L2 aggregates of hornblende, feldspar,
biotite, and quartz

Gneissic foliation defined by alignment
S2 of feldspar, biotite, and hornblende
aggregates, quartz ribbons abundant

L2

S2

Observed in the Robin gneiss, Cozette
pluton, and Irene Complex north of Te Au
Saddle, east of the Misty pluton contact. Kinematic indicators are rare. C'-S shear
S2 dips gently-moderately, mostly to the fabric in quartzofeldspathic gneiss
indicates top-to-the SW sense of shear.
W or NW. L2 trends SW-NE, plunging
gently.
Abundant GBM,
low dihedral
angles between
quartz and
feldspar

Observed only in thin section. Overprinted
by S1. Identified in Irene Complex and
coarse-grained amphibolite exposures.

Inclusions consist of quartz, biotite, and
an opaque phase. Changes in inclusion
geometry from core to rim suggests a
polyphase growth history.

GBM, pinning
S1/L1 frequently recovered, especially L1
and drag
hornblende. Overprinted or modified
stuctures with
S1 dips dominantly to the SE. Found in
during D2-4. Only rare shear sense
biotite. Difficult
host rocks of the Cozette pluton. L1
indicators preserved as sigmoidal
to differentiate
populations trend NW-SE and ENE-WSW. porphyroclasts in outcrop, give top-to-the- between D1 and
NW sense of shear. S1 absent from
D2 reactivation
Cozette pluton and younger units.
microstructures.

Observed along the eastern margin of the
Misty pluton and in exposures of Cozette
Gneissic foliation, sigmoidal clasts in hand GBM, large
Misty shear pluton, S2 dips steeply near Misty-host
sample and thin section show top-to-the- quartz ribbons,
zone
rock contacts at Coronation Saddle, and
SW sense of shear.
limited GBAR
dips moderately to the NW-SW at Camp 2.
L2 trends dominantly NE-SW.

Gneissic foliation defined by alignment
of hornblende and biotite grains, garnetbearing quartz + K-feldspar leucosome,
quartz ribbons, and feldspar-rich bands. Te Au Saddle
shear zone
Mineral stretching lineation defined by
preferred orientation of hornblende
grains and elongate aggregates of quartz
and feldspar
growth of biotite,
limited hornblende

S2 deforms Robin gneiss,
crosscut by S3/L3 shear
zones, leucocratic dikes
and brittle–semi-brittle
faults.

GBM, pinning and
drag stuctures
with biotite,
possible melt
hornblende, garnet,
pseudomorphs,
epidote, clinozoisite,
myrmekite
biotite, kyanite
development,
tapering
deformational
twins

Preserved during D1associated garnet
growth.

during D2 and D4.

Overprints and locally
shears Si, deformed

deformed by S3/L3.

S2/L2 found in some
exposures of Misty
pluton, not in other
GBM, myrmekite
structurally distinct
development,
abundant hornblende, sheets. Suggests that
tapering
biotite
S2/L2 development is
deformation
twins
coeval with Misty
emplacement. S2/L2

Abundant GBM,
low dihedral
angles between
quartz and
feldspar, and
between Kfeldspar and
plagioclase

NW
NW

SW
SW
S
SW
SW
SW
SW
NW
NW
NW
NW

SW
SW

W
W

W

SW

NE
NE
N
N
NE
SE

15AB-93
15AB-108
15AB-109
15AB-72
15AB-83
15AB-79
15AB-81
05-19
05-20
05-18
12MH-05

05-02-04
05-03-06

15AB-83
15AB-93

15AB-82

15AB-87

05-21C
15AB-54
15AB-56
15AB-59
15AB-107
05-01-B

Sense of shear (topto-the:)

15AB-13
15AB-29

Station

C'-S shear fabric
Inclined subgrains, shear fabric
Inclined subgrains, shear fabric
Inclined subgrains
Sigmoidal porphyroclasts, shear fabric
Fold vergence

C'-S shear fabric, inclined subgrains
C'-S shear fabric, mica fish
Sigmoidal porphyroclasts, shear fabric, S2 foliation
deflections
S2 foliation deflections
Sigmoidal porphyroclasts, shear fabric, inclined
subgrains, S2 foliation deflections
Sigmoidal porphyroclasts, shear fabric, S2 foliation
deflections

Sigmoidal porphyroclasts, shear fabric
C'-S shear fabric
Fold vergence, sigmoidal porphyroclats
weakly defined sigmoidal porphyroclasts
Sigmoidal clast
C'-S, rare sigmoidal porphyoclasts, mica fish
Sigmoidal porphyroclasts, shear fabric
Fold vergence
Fold vergence
Fold vergence
Fold vergence

Sigmoidal clast
Fold vergence

Kinematic indicator(s)

Representative
axial plane

Intersection
lineation,
Fold axis

40
44
44
49

212
240
276
291

5
40
45
18
32

N
W
W
W
W

22 N

270
301
206
165
174
175

20 W

36 NW
12 E

245
42
170

54 SE
39 NW

35
216

NW
NW
N
NE

22 SW
24 SW

127
124

29
20
187
350
239

49

262

266
72

200
54

212
225
20
8
32
64
51

4
12
19
10
30

15

18

9
7

32
0

19
30
24
16
21
20
39

252

47
24
36
52

264

SE
SE
SE
SE

25 NW

38
72
72
55

45 N

S
L
Strike Dip Dip Dir Trend Plunge Strike Dip Dip Dir Trend Plunge
110 20 S
144
10
190
19

Representative
foliation/lineation, fault
plane/slickenline

Table 4. Summary of outcrop and thin section kinematic indicators for deformation events D1–D4.
Thin section and outcrop kinematic indicators

D1

D2

D3

D4

94

95

D4

NE
NW

SE
SE
NW

Dextral
Dextral
SE
Sinistral
Sinistral
SE/reactivation
SE/reactivation
SE/reactivation
E
NE
Dextral (reactivation)
E
NE
E
NE (reactivation)

05-02-04
15AB-64

15AB-68
15AB-69
15AB-1

15AB-4
15AB-12
15AB-17
15AB-45
05-21
15AB-34
15AB-71
15AB-61
15AB-82
15AB-91
15AB-91
15AB-93
15AB-101
15AB-108
15AB-108
Riedel geometry
linear steps
linear steps
geometry, repetition of lithology
Pop-up geometry
Sigmoidal porphyroclasts, shear bands
Sigmoidal porphyroclasts, shear bands

Fault plane geometry and slickenline orientation

Offset markers, linear steps
Linear steps
Offset markers, riedel geometry
Map-scale offset
Map-scale offset

Fold vergence
Fold vergence
Linear steps

Sigmoidal porphyroclasts, shear fabric
Imbricated boudins, asymmetric boudins

135
236
225
340
342
216
230
224
190
130
45
192
176
140
134

15

169
20

73
90
34
82
56
71
70
40
40
14
67
21
42
25
40
NW
NE
NE
NW
NW
NW
W
SW
SE
W
W
SW
SW

SW

45 E

19 SW
17 SE

135
56
300
148
155
230
31
305
280
225
222
277
215
270
197

120

204
130

10
20
36
56
10
36
42
44
40
12
6
21
30
20
37

45

10
15
200

26 NW

219
220

19
15

changes in proximity to the margins of the Cozette and Misty plutons. Observations are
synthesized into a map-scale fence diagram to aid in visualization of the 3-dimensional
structure of the field area, especially that of the heterogeneously distributed brittle and
semi-brittle faults.
Methodology for fault slip analysis
In section 3.4.5, I group faults according to a series of criteria, consisting of the
geometry of fault surface and slickenlines, kinematic indicators, outcrop characteristics,
and geographic location or association with an earlier foliation. These criteria are the
basis for the designation of four broad groups of faults: 1) thrusts with top-to-thenorthwest and southeast senses of shear; 2) oblique-sinistral and oblique-dextral thrusts
with top-to-the-east sense of shear; 3) oblique and strike-slip reactivation of thrusts with
dextral, top-to-the-northeast sense of shear; and 4) five sets of steeply dipping–sub
vertical oblique-slip and strike-slip faults, including reactivation of some steep thrusts. I
describe methods used for determining fault populations here, and describe all fault
groups in section 3.4.5. For each of these populations, I describe their geometric, outcrop,
and spatial characteristics. I then discuss the kinematic compatibility of fault populations,
and comment on the applicability of different faulting models to explain observed
geometries and kinematics in section 3.5.4.
The procedure for designating fault populations includes conducting kinematic
fault slip analysis, using the graphical method described by Marrett and Allmendinger
(1990). Equal-area stereoplots of fault data presented here were made using the Faultkin
7 and Stereonet software programs. Details on the algorithms used in FaultKin 7 are
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presented in Allmendinger et al., (2012), Marrett and Allmendinger (1990), and
references therein. Because this study is concerned with the orientation of principle strain
axes rather than their magnitudes, a three-dimensional method for calculating
instantaneous strain axes is used (Marrett and Allmendinger, 1990). For each set of
measurements of fault plane and slickenline geometry paired with observations of sense
of offset, the instantaneous strain axes (X, Y, Z) are plotted on an equal-area stereonet,
and can be compared to the kinematic axes of other faults.
Construction of fault plane solutions for fault slip analysis requires three pieces
of information: 1) Fault plane orientation; 2) Slickenline orientation; and 3) Sense of
motion along the fault plane. Our research group measured 1 and 2 directly, and relied on
a variety of structures to infer 3. Structures included offset markers such as dikes, fracture
geometries including riedel shears (Riedel, 1929; Tchalenko, 1968), ductile structures
such as folds or shear bands proximal to the fault surface, linear steps on fault surfaces
from secondary fractures and growth of fibrous minerals (cf. Petit, 1987, Hippolyte et al.,
2012), and the general geometry of the fault paired with slickenline orientation (e.g. a
concave-down thrust at stations 15AB-34 and 15AB-71 with highly oblique slickenlines
suggestive of a thrust rather than a normal component of offset).
Given the observable displacement along faults and evidence for reactivation, we
present kinematic axes (X, Y, Z axes) and fault plane solutions calculated from linked
bingham statistics (Mardia, 1975), where all three axes remain mutually perpendicular.
The instantaneous stretching axis (X) is oriented such that it lies within the movement
plane of a given fault, defined as a plane containing the slickenline and the pole to the
accompanying fault plane (Aleksandrowski, 1985). X bisects the 90° angle between the
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pole to the fault plane and the slickenline, and Z (the instantaneous shortening axis) is
perpendicular to X, within the movement plane. Y is located at the intersection of the
fault plane and its nodal plane, perpendicular to X and Z.
We employ this graphical kinematic method acknowledging the assumptions that
the theory of simple shear applies at the scale of our measurements along each fault
surface, that deformation is homogenous along the fault surfaces, that faults did not
interact mechanically, that there has been no reorientation of faults, and that kinematic
compatibility of faults is scale-invariant (Marrett and Allmendinger, 1990). Scale
invariance of faults allows us to combine faults into fewer, larger populations to
streamline analysis. Scale invariance of faulting then is a convenience, but must be
proven. For our analysis, we first organized fault populations, and then assessed scale
invariance by highlighting the largest faults in populations where there was geometric
variability. If the geometry of large faults varies as much as the geometry of all faults in a
population, then the variability is attributed to another factor, such as concavity of fault
surfaces.
We also acknowledge the inclusion of measurements from both brittle and semibrittle fault zones in our kinematic analysis. We combine these faults in our analysis, as
our primary concern is the kinematic compatibility of faults, and not the characteristics of
their formation. Because there are numerous lithologies in our field area with different
strengths, it would be an unfair assumption to conclude that semi-brittle and brittle faults
could not have formed during the same faulting event. Combining both fault types allows
us to assess kinematic compatibility of a larger number of faults, and to then consider the
spatial patterns of brittle and semi-brittle faults and their lithologic associations.
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Because not all observed fault surfaces preserved kinematic indicators, and
because slickenlines and well-defined fault surfaces were not always found together, a
portion of our fault dataset is not suitable for fault slip analysis. We do not include these
measurements in our fault plane solutions, but opt to include them in the accompanying
stereoplots, showing both paired and unpaired fault and slickenline data. Without
kinematic indicators, we grouped faults and slickenlines into fault populations based on
their occurrence in fault zones with geometrically similar faults.
To assess kinematic compatibility beyond constructing fault plane solutions, we
statistically assessed the agreement of slickenline populations from the larger fault
subsets. Because slickenline orientation is widely thought to be parallel to the maximum
resolved shear stress (or strain) on a fault plane (e.g. Wallace, 1951; Bott, 1959; Angelier,
1979, 1984), which is a basic assumption of fault slip analysis, we look at slickenline
orientation first to consider kinematic compatibility between populations. We calculated
mean vectors for slickenline populations, including a 95% confidence interval in the form
of a small circle, or cone, surrounding the calculated mean, such that the cone of
confidence contains all values of possible slickenline orientations where the difference
between the estimated slickenline orientation and the true mean is not statistically
significant at the 5% level. Note that we opted to include unpaired slickenlines in these
analyses in cases where they were measured in a fault zone that had known kinematic
indicators.
The final step in our kinematic analysis of fault slip data was to calculate mean
vectors for both X and Z axes of our largest fault populations. Although Faultkin 7
calculates the instantaneous strain axes via a linked bingham analysis (Mardia, 1975)
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where the mean X, Y, and Z axes must remain mutually perpendicular, the program’s
algorithm does not calculate an accompanying set confidence intervals, making it
difficult to consider the variability of the individual axes. To solve this, the orientations
of individual kinematic axes were transferred from Faultkin 7 to Stereonet, where they
could be calculated individually. Because the mean vector calculation considers the axes
to be vectors, the process of vector addition will give a misleading average if individual
axes plot on opposite sides of the stereonet. In order for the calculation to produce a
meaningful average, some measurements were converted to plot in the upper hemisphere
so that all axes plot on the same side of the stereonet. It should be noted too that because
we calculated mean vector fits for X and Z axes individually, it is not necessary that the
resultant averages be perpendicular.
3.4.2. First-phase structures (D1) and Cozette pluton emplacement
At the scale of the field area, rocks of the Irene Complex (including
amphibolites and granitoid gneiss of the Jaquiery suite) record the first observed phase of
deformation in the form of a layered package of quartzofeldspathic gneisses, pelitic
schists, marbles, granitoid gneisses, and amphibolites, preserving a penetrative gneissic
banding. This layering is perhaps most apparent east of Coronation Saddle and
underlying peak 1694 m (Plate 1), where topographic high points form klippe-like
structures of the layered lithologies. Because these rocks have variable mineralogy and
protolith (described in section 3.3), characteristics of first-phase structures (S1/L1) are
divided by lithology, followed by the basis for their correlation.
Description
Quartzofeldspathic gneiss and pelitic schist
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S1 in exposures of quartzofeldspathic gneiss is recognized as fine-grained
alternating cm-scale bands of hornblende-rich and hornblende-poor horizons (Fig. 3.14a,
3.21c). In thin section, S1 is defined by the alignment of hornblende-rich zones and biotite
grains (and chlorite after biotite). Biotite has grown as tails on small (≤1 mm diameter)
garnet and epidote grains. Biotite also acts to impinge grain boundary migration of quartz
and feldspar grains (Fig. 3.22a). L1 is poorly preserved, but is identified as elongate
grains of hornblende, biotite, and plagioclase, trending either northwest-southeast, or
northeast-southwest in the plane of S1, especially on the southern side of Adams Burn, on
the northern side of peak 1694 m. (Fig. 3.11). The northwest-southeast trending
population of L1 is more extensively recovered (and in the case of coarse-grained
amphibolites, statically recrystallized) than the northeast-southwest trending population,
suggesting that the former is an early lineation on S1 that has since been modified to form
the latter.
In pelitic exposures south of peak 1694 m (Plate 1), S1 is defined by alignment
of biotite grains grown as tails on garnets, kyanite, and a mineral pseudomorphed by
white mica, which may have also been kyanite based on crystal habit and Al-rich bulk
composition (Figs. 3.14d, 3.23b). Garnets in pelitic samples display curvilinear inclusion
trails showing a zoning pattern, with the cores of garnets commonly having curvilinear
inclusion trails of an opaque phase, and the rims of garnets, where preserved, containing
inclusions of quartz and biotite without any recognizable pattern. This suggests a multiphase growth history with an internal, inherited foliation (Si), consistent with the
polymetamorphic history preserved in garnets from other exposures of Western Province
rocks

(e.g.

Daczko

et

al.,
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2009;

Bradshaw,

1991).
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Figure 3.21. Outcrop images of D1-associated structures.
A. S1 within mafic gneiss of the Jaquiery granitoid gneiss.
S1 is defined here by foliation-parallel veins, and has
been weakly folded, intruded by felsic dikes, and faulted.
B. L1 in an outcrop of coarse amphibolite. L1 is most
often defined by aggregates of statically recrystallized
hornblende and plagioclase. C. Rare evidence of
asymmetry in S1. A sigmoidal clast in an outcrop of
quartzofeldspathic gneiss gives a top-to-the-northwest
sense of shear.
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Figure 3.22. Evidence for high-temperature deformation
associated with D1, emplacement of the Cozette pluton,
and D2. All photomicrographs captured under crossed
polars. Pl = plagioclase, Qtz = quartz, Kspr = K-feldspar.
A. Pinning and drag structures in quartz and plagioclase
in a sample of quartzofeldspathic gneiss. Samples
preserves S1, but may be reactivated during D2. Full arrow
points up to oriented surface, half arrow points to 036°. B.
Highly irregular grain boundaries between plagioclase and
zones of quartz and K-feldspar in the Cozette pluton. Full
arrow points up to oriented surface, half arrow points to
035°. C. Chessboard extinction in quartz in the Cozette
pluton.

Figure 3.23. Internal foliation (Si) within garnet. Garnets within amphibolites (A) and biotite-rich
horizons of quartzofeldspathic gneisses (B) display inclusion trails indicative of an earlier foliation. Si
can present as linear or curved in thin section, indicating that shearing during garnet growth did not
occur everywhere. Garnet in image B is consistent with other garnets in biotite-rich horizons of the
Irene Complex, where inclusions of opaque minerals define Si closer to the core of the garnet, and
rims with biotite and quartz inclusions lack any coherent pattern. White mica pseudomorphs in Fig.
3.23b suggest that garnet grew with a mineral that has subsequently been replaced, possibly kyanite.
For both photomicrographs, images are captured under crossed polars. For Image A, Full arrow
points up to oriented surface, half arrow points to 335°.
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Granitoid gneiss
In outcrops of granitoid gneiss and accompanying mafic gneiss, S1 is defined by
the alignment of felsic veins parallel to aligned hornblende grains (Figs. 3.15a, 3.21a).
Thin sections from samples collected in granitoid gneiss are from highly fractured areas,
but evidence of S1 is still visible, with a weak shape-preferred orientation of quartz, and
plagioclase grains displaying highly amoeboid grain geometries indicative of grain
boundary migration recrystallization, L1 in outcrops of granitoid gneiss is poorlypreserved, defined by alignment of coarse hornblende grains trending northwestsoutheast (Fig. 3.11).
Amphibolite
S1 in amphibolite exposures, like in the Irene Complex as a whole, is variable.
Both coarse-grained and fine-grained exposures are recognized. In coarse-grained
exposures from the east end of the ridge north of Adams Burn (stations 15AB-27, -31,
Plate 1). S1 is defined by the preferred orientation of aggregates of hornblende, feldspars,
and aggregates of decussate biotite (Fig. 3.15d). Skeletal garnets also preserve weaklydefined linear inclusion trails of feldspars, suggesting an inherited, internal foliation (Si)
(Fig. 3.23). 120° triple junctions between feldspar and some hornblende grains indicates
recovery via grain boundary area reduction (Fig. 3.15d). L1 in coarse amphibolites is
easily recognized in the field by coarse aggregates of hornblende (Fig. 3.21b), trending
dominantly northwest-southeast.
In fine-grained amphibolite exposures on the south face of peak 1694 m (Plate 1,
Fig. 3.15c), a foliation is defined by alignment of hornblende and felsic dikes and veins
(Figs. 3.15c, 3.20a). In thin section, hornblende and epidote are intergrown, with tails of
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biotite (Fig. 3.24b). Garnet and grains of clinozoisite also preserve biotite tails, but garnet
doesn’t display an internal foliation as in the coarse-grained amphibolite or pelitic
horizons. This assemblage of hornblende + epidote + garnet + clinozoisite + biotite is
also observed to wrap around boudinaged felsic veins (Fig. 3.24a), with some biotite
forming tails at the tips of boudinaged veins. Biotite grains within felsic veins also
impinge grain boundary migration in quartz and feldspar grains. These observations
indicate that the aforementioned mineral assemblage is pre-tectonic with respect to
formation of boudins, and that there are at least two phases of biotite growth recorded in
these thin sections from amphibolites on the southern face of peak 1694 m. A faint,
northwest-southeast trending hornblende mineral stretching lineation is observed in the
plane of foliation in these outcrops, with a secondary, northeast-southwest trending
biotite

lineation

overprinting
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(Plate
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Figure 3.24. Characteristics of D1-associated mineral
assemblage in thin section. All photomicrographs
captured under plane polarized light. A. D1 mineral
assemblage reactivated by S2 in an amphibolite along the
southern face of peak 1694 m. S2 is defined by alignment
of hornblende and some biotite in this sample, with
development of the foliation following intrusion of felsic
veins. Foliation has been brittlely reactivated in this area,
shown here as a thin zone of an opaque phase at the top
of the image. Full arrow points up to oriented surface,
half arrow points to 005°. B. Intergrown hornblende and
epidote, characteristic of S1 in amphibolite samples.
Biotite is also characteristic of S1. Full arrow points up to
oriented surface, half arrow points to 005°. C. S1 in an
area extensively deformed by F2. Full arrow points up to
oriented surface, half arrow points to 090°

Cozette pluton
The oldest foliation in the Cozette pluton is defined by compositional banding of
granitic (sensu lato) layers. This foliation was measureable, but very weakly defined in
most exposures at stations 15AB-42-44 (Plate 1). Figure 3.16d shows a localized foliation
from an outcrop of the Cozette pluton at station 15AB-43, but the majority of foliations at
these stations were measured in medium-grained exposures defined by sheets having cmto m- scale thicknesses. In thin section, these samples show no recognizable foliation, but
they show abundant evidence of dynamic recrystallization via grain boundary migration.
Corroded igneous plagioclase grains are commonly surrounded by cuspate zones of
quartz and K-feldspar (Fig. 3. 22b). Quartz-rich zones also display evidence of
chessboard extinction (Fig. 3.22c), indicating elevated temperatures after emplacement of
the Cozette pluton (Kruhl, 1996).
Correlation
Even with the lithologic variability in the Irene Complex, a common mineral
assemblage and sequence of growth defines S1/L1 in our field area. Garnets in both
coarse-grained amphibolites and pelitic layers preserve an inherited foliation (Si). Garnets
then display tails of biotite, as do grains of hornblende, epidote, kyanite, and clinozoisite.
In amphibolite exposures, a second generation of biotite growth is observed as small tails
on boudinaged felsic veins that preserve evidence of grain boundary migration. In
quartzofeldspathic gneiss exposures especially, biotite acts to impinge grain boundary
migration recrystallization in quartz and feldspar. Evidence of grain boundary migration
recrystallization is also observed in granitoid gneiss exposures, and in the Cozette pluton.
This final observation, paired with the
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observation that a penetrative gneissic

foliation is absent in the Cozette pluton, suggests that the characteristic mineral
assemblage and map-scale gneissic layering developed before Cozette pluton
emplacement, and the occurrence of grain boundary migration in the Irene Complex and
its associated boudinage and secondary biotite growth post-dates emplacement of the
Cozette pluton.
This observation also indicates that the pre-Cozette pluton S1/L1 rock fabric
defined by the assemblage of garnet (with Si) + hornblende + epidote + kyanite + biotite
has been extensively modified by post-Cozette emplacement deformation. This is
especially true where felsic veins have been boudinaged, with hornblende + epidote +
biotite wrapped around the boudins. In these locations, recognized along the southern
face of peak 1694 m, we conclude that S1/L1 has been overprinted by a second phase of
deformation, complete with northwest-southeast trending hornblende lineations.
The geometry of S1/L1 in our field area is variable, but S1 generally strikes
northeast-southwest, and dips moderately to the southeast, except where it is entirely
reactivated on the southern face of peak 1694 m (Fig. 3.11). L1 is composed of two sets
of mineral lineations (Fig. 3.25b-d). One set trends dominantly northwest-southeast,
defined by hornblende, plagioclase, and rare biotite. A second set of mineral lineations
trends northeast-southwest, defined by aligned hornblende, biotite and feldspar,
subparallel to the dominant strike of S1. Lineations from both sets are observed in
individual hand samples of reactivated S1 in amphibolite as well as in quartzofeldspathic
gneisses, suggesting that modification during post-Cozette pluton emplacement
deformation is extensive.
Kinematics indicators of S1/L1 structures are scarce, with an asymmetric quartz
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porphyroclast (Fig. 3.21c), and an inclined fold in a marble horizon serving as the only
indicators (Table 4). Both give top-to-the-northwest sense of shear parallel to the
northwest-southeast trending population of L1 on dipping S1 surfaces. No kinematic
indicators were identified associated with the northeast-southwest population of L1. It is
possible that deformation overprinting S1/L1 in our field area has also obliterated or
modified

the

kinematic

indicators

in

our
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field

area

attributed

to

D1.
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Figure 3.25. Equal-area stereonet summary of D1 and D2 structures. Underlying map is a simplified
version of Plate 1, with the addition of domains that correspond to stereonet summaries presented
here. Plot names correspond to domains outlined on underlying map. Plot A corresponds to Double
Peak field area, shown in Fig. 3.3.

3.4.3. Misty, Te Au Saddle shear zones, South Adams Burn thrust (D2)
Geometric, textural, and kinematic characteristics of deformation during the
second phase of deformation (D2) vary across the field area shown in Plate 1, so we
describe second phase structures in the framework of three domains: One west of Cozette
Burn in the Misty pluton and in the western extent of the Cozette pluton; one north of
Cozette burn in the Irene Complex, Robin gneiss, and in sheets of the Cozette pluton; and
one east of Cozette Burn, in the Irene Complex. Characteristics of structures in each of
the three domains are described below, followed by the basis for their correlation:
Description
West of Cozette Burn
The domain of second-phase structures west of Cozette Burn includes exposures
of the Misty pluton described near Double Peak (Fig. 3.3a), exposures of the Misty
pluton around Coronation Saddle, as well as exposures of the Misty and Cozette plutons
in the areas surrounding Camp 2 (Plate 1). At the Double Peak field area, The Misty
pluton has a gneissic foliation (Fig. 3.26a) defined by aggregates of chlorite + biotite +
epidote after hornblende in a dominantly feldspar matrix (Fig. 3.27b). A lineation in these
exposures is also defined by the same mafic aggregates, and trends dominantly northeastsouthwest, plunging gently-moderately (Fig. 3.22a).
To the east and west of Coronation Saddle in the Misty pluton, S2 is variable.
West of Coronation saddle and above a screen of metasedimentary and metaigneous
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Figure 3.26. Outcrop characteristics of S2 and F2 in the Misty pluton. A. Outcrop of Misty pluton at
the Double Peak field area. Location of Double Peak relative to other 2005 and 2015 field sites (Fig.
3.3a) illustrates a minimum northern extent of S2/L2. B. Well-developed, steeply-dipping S2 along the
eastern margin of the Misty pluton. C. Upright, isoclinal F2 folds of a possible igneous fabric near the
eastern margin of the Misty pluton. D. Well-developed S2 along the eastern margin of the Misty
pluton, at 15AB-83 at Camp 2 (Plate 1), highlighting the along-strike extent of the Misty shear zone.
E. Igneous flow fabrics in the Misty pluton, defined by compositional banding parallel to the contact
with the Cozette pluton, which displays S2/L2. Compositional banding is comparable to what is shown
in Fig. 3.18b.
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Figure 3.27. Development of S2 in the Misty pluton. A. Photomicrograph of Misty pluton without S2
foliation. The location of this sample, and those nearby west of the screen of Cozette pluton, mark the
western extent of the Misty shear zone. Full arrow points up, half arrow points to 088°. B. S2
preserved at the Double Peak camp (Fig. 3.3a). Characteristic hornblende aggregates are absent
here, retrogressed to chlorite. Full arrow points up, half arrow points east. C. Full arrow points up,
long edge of image trends 128°-308°. Weak development of S2 on the western side of the Coronation
Saddle (A-A’, Fig. 3.4). Aggregates of hornblende are mostly small, and have a weak shape preferred
orientation compared to the sample in D, which has a well-developed gneissic foliation. This sample,
05-02-01, was collected along the Eastern margin of the Misty pluton (Plate 1). Full arrow points up,
half arrow points north. For all samples, thin sections were cut parallel to lineation and
perpendicular to foliation, where observed. All images captured under plane polarized light.

rocks (Plate 1), S2 is poorly developed with preserved igneous plagioclase grains and
hornblende grains having no preferred orientation in thin section (3.27a), but a foliation
observed in outcrop dips moderately to the northwest. Below the screen, S2 is defined by
aggregates of hornblende and biotite with a shape-preferred orientation (Fig. 3.27c),
dipping moderately to the west-northwest. At the eastern margin of the Misty pluton at
Coronation Saddle, S2 is well-developed, defined by larger elongate aggregates of
hornblende and post-tectonic chlorite. Here, S2 dips more steeply (Fig. 3.26b) with
northeast-southwest trending mineral lineations defined by hornblende and feldspar (Fig.
3.22c), and is accompanied by upright isoclinal folds of an igneous fabric (Figs. 3.26c).
This eastward intensification of foliation development represents a gradient, with highest
strains localized along the Misty pluton’s eastern margin. This gradient is represented in
the northernmost profile (Fig. 3.4).
We interpret the sharp structural and textural changes preserved above and
below the screen to reflect the sheeted emplacement of the Misty pluton. With this
interpretation, the lower (eastern) sheet was deformed before emplacement of the upper
(western) sheet. Importantly, this indicates that at Coronation Saddle, magmatism and
deformation were occurring at broadly the same time.
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In exposures of the Misty and Cozette pluton in the area of Camp 2 (Plate 1), S2
is variable. In the Cozette pluton, S2 is gneissic (Fig. 3.16a), defined by banding of thick
(~5 mm) ribbons of quartz, and zones of feldspar deformed via grain boundary migration
(Fig. 3.28). L2 trends dominantly northeast-southwest, and is defined by elongate quartz
ribbons and aggregates of biotite and feldspar (Fig. 3.16a, inset).

Figure 3.28. Development of S2 in the Cozette pluton. The Misty shear zone has its eastern margin in
the host rocks of the Misty pluton, but is best expressed within the Cozette pluton. Quartz ribbons
greater than ~5 mm in thickness are characteristic of this foliation. Comparison of this foliation with
what is preserved in samples 15AB-43 and 15AB-44 (Figs. 3.16c and 3.25b, respectively) suggests that
the maximum eastern extent of the Misty shear zone is found somewhere in Cozette Burn. Half
arrow points south, full arrow points up to oriented surface. Image captured under cross polars.

In the Misty pluton, S2 shows further variation. Above the uppermost
(northwestern most) contact with the Cozette pluton, the Misty pluton displays an S2
defined by alignment of hornblende and plagioclase aggregates (Fig. 3.26d). This
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foliation also deforms some of the mafic xenoliths present within the Misty pluton,
indicating that S2 in this case is a tectonic foliation. Elsewhere around Camp 2, S2 in the
Misty pluton is defined by compositional banding parallel to the contact with the Cozette
pluton and to S2 in the Cozette pluton (3.26e). Similar compositional banding is found
away from the Cozette-Misty plutonic contact (Fig. 3.18b), with blocks of the banded
rocks in a tiled arrangement and also truncating each other at right angles with no
deflections or indications of brittle faulting. These relationships suggest that the banding
formed as part of a magmatic flow fabric, and that in some instances (e.g. station 15AB90), igneous flow fabrics parallel S2. This relationship is highlighted in Figure 3.29,
where S2 and L2 from the Misty and Cozette plutons are plotted together, showing
parallelism that suggests the Misty pluton was emplaced during the formation of S2/L2.
N

Explanation of symbols
Cozette pluton S2
Misty pluton S2
Cozette pluton L2
Misty pluton L2
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Figure 3.29. Parallelism of S2 foliations and L2 mineral lineations in the Misty and Cozette plutons at
Camp 2. Parallelism of lineation coupled with preserved igneous textures suggests synmagmatic
operation of the Misty shear zone. Structural data from Camp 2 Data reduced by J. Gilbert.

Within this domain west of Cozette Burn, correlation of structures is based on
the shared northeast-southwest trending mineral lineation and the common appearance of
S2 in the Misty pluton as a gneissic foliation defined by aggregates of hornblende or its
pseudomorphs. The geometry of S2 is variable, but generally dips to the west or
northwest. Around Coronation Saddle and Camp 2, evidence of syn-tectonic Misty pluton
emplacement is also reason to support the correlation of the oldest structures observed in
the Misty pluton.
Finally, top-to-the-southwest kinematic indicators are observed parallel to L2 on
mostly west-northwest-dipping S2 surfaces in the area of Camp 2 and at Coronation
Saddle (Table 4, Plate 1). Kinematic indicators include sigmoidal feldspar porphyroclasts
representing a sinistral-reverse shear zone along the margin of the Misty pluton and a
portion of its host rock. We refer to this gneissic, syn-magmatic shear zone as the Misty
shear zone, and define its boundaries in our field area in Figure 3.11.
North of Cozette Burn
East of Coronation Saddle and north of Cozette Burn, the Irene Complex, Robin
gneiss, and sheets of the Cozette pluton all preserve a gneissic S2. In the Cozette pluton at
station 15AB-93, S2 is defined by the alignment of quartz and feldspar-rich bands,
parallel to occasional mafic lenses. (Fig. 3.30). L2 at this station is defined by the
alignment of quartz and biotite aggregates, and trends northeast-southwest on gently
west-, southwest-, and northeast-dipping foliations.
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Figure 3.30. Outcrop characteristics of S2 in the Cozette pluton. A. View of cliff face preserving S2 in
the Cozette pluton. S2 is deflected into narrow S3/L3 shear zones, which are in turn reactivated by
out-of-sequence thrusts (D4). B. Closer view of cliff face preserving S2. S2 surfaces are frequently
epidotized, giving the exposures a pistachio green color. Geo for scale on left side of image. Inset
represents on of the few cm-scale kinematic indicators found for S2, although it is from a site at
Camp 2. Additional exposures of S2/L2 in the Cozette pluton are highlighted in Fig. 3.16a.

In the Irene Complex, S2 is defined by the alignment of small biotite grains, and
thin (1–2 mm) biotite-rich horizons in quartz-biotite gneiss exposures (station 05-01-10,
Plate 1). Biotite acts of impinge abundant grain boundary migration of quartz and
plagioclase grains, indicating that biotite grew before recrystallization. Rare quartz
ribbons (~1 mm thick) are also observed parallel to S2. L2 is defined by hornblende grains
in another station of quartz-biotite gneiss (station 05-01-07, Plate 1) A marble horizon in
the Irene complex at station 15AB-108 displays southwest-vergent F2 folding and
boudinage of narrow dikes (Fig. 3.14e). A quartz and calcite L2 trends northeastsouthwest in another marble horizon (station 05-03-01, Plate 1), on a gently southwestdipping S2.
In the Robin gneiss at station 15AB-108 (Plate 1), S2 is defined by the alignment
of anhedral hornblende, quartz-clinozoisite symplectite, and grains of rare ortho- and
clinopyroxene into bands between zones of quartz and K-feldspar concentrated into
garnet bearing leucosome (Fig. 3.17c). The leucosome preserves evidence of grain
boundary migration recrystallization in quartz and K-feldspar, and is ptygmatically
folded and sheared parallel to S2 (Fig. 3.17a). Kinematic indicators were not identified.
L2 in the Robin gneiss is defined by a northwest-southeast trending hornblende lineation
on gently–moderately west- and southwest-dipping S2 surfaces.
Within this domain north of Cozette Burn near Te Au Saddle, correlation of
structures is based on the shared northeast-southwest trending mineral lineation, and on
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the generally gently west-dipping S2 foliation orientation. Kinematic indicators are
uncommon, but give top-to-the-southwest sense of shear where observed (Table 4). The
occurrence of grain boundary migration recrystallization is common to quartz and
feldspar phases in the Cozette pluton, the Irene Complex, and the Robin gneiss. Although
a southwest-trending mineral lineation on a west-dipping foliation with top-to-thesouthwest sense of shear gives a normal component of offset, the area north of Te Au
Saddle have been extensively imbricated by top-to-the-east and -southeast thrust faults
(Figure 3.4), so the apparent sinistral normal offset likely does not reflect the true sense
of offset along S2. Based on the above similarities, we correlate all S2 foliations north of
Cozette Burn as the Te Au Saddle shear zone (TASSZ).
East of Cozette Burn
East of Cozette Burn and primarily south of peak 1694 m (Plate 1), the Irene
Complex and Cozette pluton record a second phase of deformation. In quartzofeldspathic
layers of the Irene complex, S1 minerals, including quartz, feldspar, hornblende, and
biotite are modified during a second phase of deformation. There is no obvious new
foliation development, but biotite acts to impinge the grain boundary migration of quartz
and plagioclase grains (Fig. 3.22a). In quartz-biotite gneisses and pelitic exposures of the
Irene Complex south of peak 1694 m (Plate 1), S1 is deformed into northwest-vergent,
tight-isoclinal F2 folds (Figs. 3.31, 3.11). S1 in these locations dips dominantly to the
southeast, with steeply dipping F2 axial planes (Fig. 3.25f). Where felsic veins are
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Figure 3.31. Outcrop characteristics of F2 east of Cozette Burn. S1 foliation trajectories (black lines)
are deformed by rare isoclinal F1 folds (blue dashed lines) that form part of the composite foliation
represented in Fig. 3.21. S1 is subsequently deformed by widespread F2 folds, and F4. Small, pretectonic dikes in this outcrop predate at least some of the foliation development associated with S2,
and post-tectonic dikes appear to have intruded at least following F2 development.

present in gneissic exposures, they are often deformed into ptygmatic folds (Fig. 3.32). In
pelitic, biotite-rich horizons, an F2 axial-planar cleavage and crenulations are preserved
(Fig. 3.14c). In thin section, the crenulations are irregular as a result of the numerous,
closely spaced D1 garnets. These garnets also show evidence of a second phase of biotite
growth in their pressure shadows (Fig. 3.33a).
In amphibolite exposures on the southern face of peak 1694 m (Plate 1, Fig.
3.11), S1 and the hornblende and garnet grains correlated with D1 are modified during D2.
S2 is defined by alignment of anhedral D1 hornblende grains and D1 biotite, epidote, and
clinozoisite (Fig. 3.24a). Secondary biotite growth also defines S2, occurring where D1
garnets have been dismembered and biotite has grown to fill the space between the
fragments (Fig. 3.33b). The fragmentation of garnets is consistent with the boudinage of
felsic veins observed elsewhere in the plane of S2 (Figs. 3.24a, 3.15c, 3.20a). L2 in
amphibolite exposures is defined by alignment of hornblende and occasional biotite
grains, trending approximately northwest-southeast on subhorizontal amphibolite S2
foliations, approximately perpendicular to boudin necks measured at the same outcrops
(Fig. 3.25f). The anhedral hornblende grains, secondary biotite growth around
dismembered garnets, and the wrapping of D1 mineral assemblages around boudinaged
felsic veins indicates that S1/L1 in the amphibolite exposure south of peak 1694 m has
been reactivated during a second phase of deformation, represented in Figure 3.7.
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Figure 3.32. Characteristic ptygmatic folds within exposures of F2 folding. Ptygmatic folds highlight
the competency contrasts between quartz- and feldspar-rich veins and their hornblende- and biotiterich hosts.
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Figure 3.33. Thin section characteristics of South Adams Burn thrust. Both photomicrographs
captured under plane polarized light A. Two generations of biotite growth are preserved, with older,
syn-D1 grains showing a strong preferred orientation. Younger, more euhedral grains are interpreted
to have grown during F2 folding, in the strain shadows of garnets with a curvilinear internal (Si)
foliation. Sample is unoriented. B. Growth of biotite during D2 arc-normal shearing. Reactivation of
S1 during D2 has resulted in D1 garnets being dismembered, with syn-D2 biotite growing to fill space.
Full arrow points up to oriented surface, half arrow points to 100°.
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S1 does not exist as a reference in the Cozette pluton, but exposures in close
proximity to the intrusive contact with the Irene Complex (Fig. 3.7, E’-E’’) do preserve
evidence of deformation (e.g. stations 15AB-42–44, Plate 1). There is a weak foliation in
these exposures defined by compositional layering within the granite. In thin section,
there is no mineral shape-preferred orientation, but igneous plagioclase grains preserve
cuspate-lobate grain boundaries with zones of quartz and K-feldspar having low dihedral
angles (Figs. 3.16c, 3.22b). Quartz-rich zones also display chessboard extinction (Fig.
3.22c). These microstructures indicate elevated temperatures consistent with conditions
including partial melting (e.g. Holness et al., 2011). Given the lack of observable
foliation accompanying these structures in thin section, we interpret these structures to
represent heating of the Cozette pluton while preserving an igneous compositional
layering.
Within this domain east of Cozette Burn, correlation of structures is based, in
part, on the parallelism of F2 fold axes south of peak 1694 m and the boudin necks in the
amphibolite exposure on the south face of peak 1694 m. Folds are clearly northwestvergent (Table 4), but there is no clear asymmetry preserved to determine shear sense
from the amphibolite outcrop. Outcrops from both locations also show a second phase of
biotite growth geometrically consistent with folding and shearing. These observations
suggest that structures in both lithologies formed during a single deformation event.
In the Cozette pluton and Irene Complex quartzofeldspathic gneiss, evidence of
grain boundary migration and potential near-solidus deformation in quartz and feldspar
indicate a second phase of deformation after the formation of S1 and intrusion of the
Cozette pluton. Corroded, anhedral hornblende grains in the quartzofeldspathic gneiss are
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qualitatively similar to those observed in amphibolite exposures near boudinaged veins.
This suggests that, even though evidence of grain boundary migration recrystallization is
not as apparent in quartz- and feldspar-poor lithologies, all lithologies experienced some
degree of overprinting during D2, after emplacement of the Cozette pluton. Where this
overprinting has resulted in a penetrative S2 foliation (amphibolites) or widespread F2
folding of S1, we name this region the South Adams Burn thrust (SABT), and represent
its inferred extent in Figure 3.11.
Correlation
Even though the MSZ, SABT and TASSZ are each geometrically and
kinematically distinct, all three are compatible with Early Cretaceous formation.
Texturally, all three named structures are gneissic, and both the MSZ and TASSZ
preserve quartz ribbons. Grain boundary migration recrystallization is common to all
exposures of S2, and secondary biotite growth is observed in multiple regions of the
SABT.
Kinematics of the MSZ and TASSZ record top-to-the-southwest sense of shear.
S2 in the MSZ dips moderately-steeply to the west, making the MSZ an oblique dextral
thrust. S2 in the TASSZ strikes variably, but dips gently in nearly all cases, parallel to the
lithologic layering shown in Figure 3.4. Both the MSZ and TASSZ record displacements
oblique to the trend of the Cretaceous arc, which trends approximately 020 based on the
trend the WFO and other Cretaceous plutons. By contrast, the SABT reactivates or
modifies S1, recording shortening at high angles to the Cretaceous arc in the form of folds
in pelitic and quartz-biotite gneiss horizons, and shearing in an exposure of amphibolite.
The variable geometries and distributions of the MSZ, TASSZ, and SABT are presented
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in Figure 3.13.
Based on the shared S2/L2 in the Cozette pluton and in an igneous flow fabric in
sheets of the Misty pluton near Camp 2, the MSZ was active during Misty pluton
emplacement, until at least 122.6 ± 1.9 Ma, the age of the Misty pluton near our field area
found by (Allibone, et al., 2009c). The youngest formation deformed by the SABT and
TASSZ with a published emplacement age is the Cozette pluton, at c. 340 Ma (Ramezani
and Tulloch, 2009). All three structures are cross-cut by fourth-phase faults, and the MSZ
and TASSZ are deformed by third-phase shear zones. These relative and absolute ages
still leave a large window for all three structures to have formed in, but we correlate the
MSZ, TASSZ, and the SABT based on the similarities described above, and discuss a
model for their Early Cretaceous formation in subsection 3.5.2.
3.4.4. Greenschist facies shear zones (D3)
Evidence of a third phase of deformation is distributed across the field area shown
in Plate 1, preserved in the Cozette and Misty plutons near Camp 2, in the Cozette pluton
at Te Au Saddle, and in the Misty and Cozette plutons at Coronation Saddle. Because of
this large distribution, structures formed during the third phase of deformation are
described in the framework of three domains. Characteristics of structures in each of the
three domains are described below, followed by the basis for their correlation.
Characteristics
Camp 2
The domain of third-phase structures at stations near Camp 2 (Plate 1) includes
exposures of the Cozette and Misty plutons. In the Cozette pluton, S3/L3 rock fabric is
present in localized (≤10 m-thick) shear zones, concentrated in proximity to contacts
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between the Misty and Cozette plutons (e.g. station 15AB-82, Fig. 3.34, Fig. 3.7). Shear
zones cut and transpose S2 (Figs. 3.34, 3.35), resulting in the formation of a myloniticultramylonitic S3.
S3 is defined by the shape-preferred orientation of quartz and feldspar in high-strain
zones, with growth and recrystallization of biotite as thin tails on feldspar porphyroclasts
and an opaque phase defining narrow cleavage domains (Fig. 3.36b). L3 is defined by
needle-like aggregates of biotite and recrystallized quartz and feldspar. In thin section, S3
is differentiated from S2 by the prevalence of subgrain rotation recrystallization (SGR) in
quartz (Fig. 3.36b) and mantles of recrystallized feldspar around occasionally preserved
feldspar porphyroclasts. The extent of mylonitization is made apparent by comparing
samples from Station 15AB-82 (Fig. 3.36b) with the east side of Cozette Burn where
igneous plagioclase grains are still intact (Figs. 3.16c, 3.25b).
In outcrops of the Misty pluton near Camp 2, S3/L3 shear zones are localized
along the uppermost contact with the Cozette pluton (Fig. 3.7), between peak 1494 m and
Station 15AB-82 (Plate 1). S2 in the Misty pluton is deflected into the S3/L3 shear zones
(Figs. 3.34, 3.35). S3 is defined by the recrystallization of feldspar into fine subgrains,
defining cleavage domains with fine-grained biotite grains that wrap around sigmoidal
porphyroclasts of feldspars still preserving evidence of grain boundary migration
recrystallization (GBM) attributed to D2. Quartz is present in only small amounts in the
Misty pluton, but it does preserve evidence of SGR in S3 (Fig. 3.36a). In the Misty
pluton, L3 is defined by biotite, present as tails on hornblende grains and feldspar
porphyroclasts.
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Figure 3.34. Outcrop panorama of S3/L3 shear zone. S3/L3 shearing along the Misty-Cozette contact at camp 2 is shown here, with the Misty pluton
in the upper plate, and the Cozette pluton in the lower plate. S2 (traced in blue) is deflected into the S3/L3 shear zone (dashed lines).
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Figure 3.35. Foliation deflections and grain size reduction in S3/L3 shear zones. A. Pod of gneissic
Cozette pluton with S2 foliation showing progressive grain size reduction into a small S3/L3 shear
zones. B. S2 in amphibolite and Misty pluton diorite deflected into an S3/L3 shear zone. Geometry of
deflection indicates a top-to-the-left (west) sense of shear.
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In both the Misty and Cozette plutons at Camp 2, S3 strikes variably, but
generally dips gently–moderately to the southwest–northwest (Fig. 3.12). L3 trends
dominantly to the west-southwest, plunging gently (Fig. 3.37c). Kinematic indicators in
the Misty and Cozette plutons around Camp 2 include S2 foliation deflections (Figs. 3.34,
3.35b), sigmoidal pods of relatively undeformed S2/L2 rock fabric (Fig. 3.35a), C’-S shear
band cleavage, sigmoidal feldspar porphyroclasts with tails of biotite and mantles of
recrystallized feldspar, porphyroclasts with elongate tails preserving shear-band boudins,
and inclined quartz subgrains (Fig. 3.36a,b; Table 4). All kinematic indicators give a topto-the-west sense of shear, parallel to the west-southwest trending stretching lineation.
When paired with mostly northwest-dipping foliation, S3/L3 shear zones around Camp 2
record

oblique

sinistral
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normal

offset.
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Figure 3.36. Characteristics of S3 in thin section. All images captured under crossed polars. A. S3/L3
deformation in the Misty pluton. Sigmoidal porphyroclasts of S2 are surrounded by zones of inclined
subgrains of quartz and finely recrystallized feldspar. Zones of biotite accompanied by recrystallized
quartz and feldspar comprise the cleavage domains in this sample. Full arrow points up, half arrow
points to 024° Sense of shear is top-to-the-right (southwest). B. Ultramylonitic S3 in the Cozette
pluton. Sample is composed of almost entirely recrystallized grains, with rare sigmoidal feldspar
porphyroclasts preserved (not shown). Full arrow points up, half arrow points to 277°. C. Sigmoidal
feldspar porphyroclast in Cozette pluton. Asymmetry gives a top-to-the-right (south) sense of shear.
Full arrow points up, half arrow points north. D. Abundant SGR in quartz within the Misty pluton.
Inclined subgrains and C’-S shear foliation suggest a top-to-the-right (southwest) sense of shear.
Although the Misty pluton is typically quartz-poor, this area may represent a younger recrystallized
vein. Full arrow points up, half arrow points to 035°.

135

136

Figure 3.37. Equal-area stereonet summary of D3- and ductile D4-related structures. Underlying map
is a simplified version of Plate 1, with the addition of domains that correspond to stereonet
summaries presented here. Arrows represent the approximate orientation of the paleo arc, striking
~020. Plot names correspond to domains outlined on underlying map.

Te Au Saddle
Station 15AB-93, north of Te Au Saddle (Plate 1), preserves evidence of a third
phase of deformation, deforming S2. S2 at this location is transposed into high-strain
zones ≤5 m thick (Fig. 3.30). The mylonitic foliation (S3) in these zones is defined by the
shape-preferred orientation of quartz and feldspar microlithons, and cleavage domains of
finely recrystallized feldspar, an opaque phase, and some biotite and chlorite (Fig. 3.36c).
Both chlorite and biotite show evidence of growing as tails on feldspar porphyroclasts. L3
is defined by the alignment of fine aggregates of quartz and feldspar, and of rare
hornblende grains. Many porphyroclasts consist of multiple feldspar grains preserving
evidence of GBM attributed to D2.
S3 at Station 15AB-93 dips moderately between west and north, with an
approximately east-west trending mineral lineation (Fig. 3.37a). Kinematic indicators at
station 15AB-93 include S2 foliation deflections, abundant asymmetric porphyroclasts,
and feldspar porphyroclasts with asymmetric mantles of feldspar. All kinematic
indicators suggest a top-to-the-west sense of shear, parallel to the mineral stretching
lineation. When paired with north–west dipping foliations, S3/L3 shear zones at station
15AB-93 record offset ranging from sinistral strike-slip to normal sense.
Coronation saddle
Stations 05-03-06, and 05-02-04 both display evidence of a third phase of
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deformation after D2, transposing S2 into mylonitic shear zones located at the contacts of
the Misty pluton, and within a small screen of the Cozette pluton.
In the Misty pluton, evidence for a third phase of deformation is localized to
station 05-02-04, along the pluton margin (Plate 1). Here, gneissic S2 is cut by a
greenschist-facies shear zone (S3/L3). S3 is defined by the shape-preferred orientation of
pre-tectonic hornblende and biotite, and porphyroclasts of feldspar aggregates (Fig.
3.36d). Porphyroclasts have small tails of syn-tectonic biotite. Cleavage domains are
dominated by recrystallized and aligned biotite, as well as by domains of quartz entirely
recrystallized via SGR (Fig. 3.36d). L3 is defined by elongate aggregates of recrystallized
biotite and pre-tectonic hornblende grains.
At station 05-03-06, in a screen of the Cozette pluton west of Coronation Saddle
(Plate 1), S3 is defined by narrow cleavage domains of biotite, white mica, and limited
chlorite. Microlithons are composed of quartz and feldspar porphyroclasts preserving
evidence of grain boundary migration in quartz and feldspar domains, attributed to D2.
S3 around Coronation Saddle strikes variably and dips moderately. At station 0503-06, S3 dips moderately to the west, with a northeast-southeast trending, gently-dipping
L3 (Figs. 3.12, 3.37b). Kinematic indicators parallel to L3 at this station include rare mica
fish and a C’-S shear fabric, giving a top-down-to-the-southwest sense of shear when
paired with the west-dipping foliation. S3 at station 05-02-04 dips gently–sub-horizontally
between northwest and southeast. L3 orientation is fairly consistent however, trending to
the north-northeast (Figs. 3.12, 3.37b). Kinematic indicators parallel to L3 at this station
include extensive SGR with inclined subgrains and a well-developed C’-S shear fabric
(Fig. 3.36d, Table 4) giving a top-to-the-south or -southwest sense of shear.
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Correlation
The common geometry among all third-phase shear zones includes a gentlymoderately-, mostly west-northwest-, dipping foliation, and a dominantly west- or
southwest-trending L3 with top-to-the-west or -southwest sense of shear. All S3/L3 shear
zones occur in localized or narrow areas, contained within individual field stations, less
than 5–10 m in thickness. The growth of biotite, occasional chlorite and white mica, and
observations of deformation mechanisms such as SGR in quartz and semi-brittle
development of shear band boudins suggests that temperatures attending D3 were lower
than for D2, which was dominated by GBM in quartz and feldspar. D3 was attended by
conditions closer to greenschist facies. All S3/L3 shear zones cross-cut S2, and most show
overprinting, or reactivation, by a fourth phase of deformation (described below).
Consistent with shared cross-cutting relationships, textural and geometric characteristics,
and kinematic indicators (Table 3), all S3/L3 shear zones are correlated under a single
deformation event, D3 (Table 1).
3.4.5. Polyphase semi-brittle faulting and long-wavelength warping (D4)
Oldest brittle and semi-brittle thrust faults
The population of faults with top-to-the-northwest sense of shear is isolated to an
area south of Adams Burn, on the northwest slopes of peak 1694 m in an exposure of
granitoid gneiss (Fig. 3.06). The fault zone preserves ≤ 5 cm-thick veins of
pseudotachylyte grading into ultramylonite, preserving sharp boundaries with decimeterthick exposures of epidote-stained cataclastic zones. Pseudotachylyte zones have clear
boundaries, but do not show characteristic injection veins into the cataclastic host rock.
This fault zone is parallel–subparallel to gneissic S1, dipping to the southeast. An average
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fault plane solution and fault plane summary are shown in Fig. 3.38a, subset i.
Thrusts with approximately down-dip slickenlines and top-to-the-southeast sense
of shear are found primarily north of Adams Burn, and are most pronounced below peak
1408 m (Fig. 3.39). These thrusts are also defined by fault-parallel zones of
pseudotachylyte and ultramylonite cross-cutting cataclastic zones. Similarly, thrusts with
top-to-the-southeast sense of shear are generally parallel to S1 (Fig. 3.39b). An average
fault plane solution and fault plane summary is shown in Fig. 3.38a, subset ii.
In thin section, pseudotachylyte from these first two populations of thrusts,
collected from primarily granitoid orthogneiss exposures, is frequently foliated with
complex geometries, suggesting the occurrence of flow immediately following melt
generation prior to complete crystallization (Fabbri et al., 2000). Clast-dominated
pseudotachylytes, in addition to overprinting cataclasite zones, also entrain rounded
fragments of older pseudotachylyte, indicating reactivation of a single fault plane (Fig.
3.40). Pseudotachylyte samples are cut by narrow epidote-rich fracture zones, some of
which record evidence of ductile flow (e.g. Fig. 3.40b, inset). In addition to preserving
evidence of reactivation along fault surfaces, the transition from meter-scale cataclasitedominated to cm-scale pseudotachylyte-dominated deformation indicates a localization of
deformation. Moreover, the abundant SGR recrystallization and core-mantle structures
visible in deformed dikes (Fig. 3.20) and their Paleozoic hosts suggest a strain gradient,
decreasing with distance from cataclastic and pseudotachylyte-bearing fault zones.
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Figure 3.38. Kinematic fault slip analysis of fault populations in the area surrounding Cozette Burn
and Adams Burn in Central Fiordland, New Zealand. A. Populations of faults with top-to-thenorthwest and top-to-the-east/southeast sense of shear. Field context for faults with highly oblique
top-down-to-the-east sense of shear suggests that the apparent strike-slip faults are actually folded
thrusts. Multiple fault populations with top-to-the-east/southeast sense of shear are isolated based on
bedding plane orientation and the rake of slickenlines along a given plane (subsets ii, iii, iv). B.
Oblique and strike-slip reactivation of thrusts. Two populations of faults with top-to-the-northeast
sense of shear are isolated based on fault plane orientation. Faults with top-to-the-southwest sense of
displacement are compatible with a pop-up structure. Outcrop context suggests that fault plane
orientation is influenced by S2 orientation, which is variable. This suggests that these two populations
represent a single, kinematically consistent, reactivation event. Kinematics of this faulting event
corresponds with L4 oblique reactivation lineations represented in Fig. 3.34 (black filled circles). C.
Fault plane solutions and fault-slip data for strike slip faults with east-west trending extension axes
D. Fault plane solutions and fault-slip data for strike slip faults with east-west trending shortening
axes E. Mean vector fit of slickenline data. Subset numbers correspond to fault subsets in Fig. 3.38a,
b. Small circles represent 95% confidence intervals F. Mean vector fit of X and Z kinematic axes.
Subset numbers correspond to fault subsets in Fig. 3.38a, b. Small circles represent 95% confidence
intervals G. Kinematic summary of wrench faults with east-west trending shortening axes. Rose
diagram is scaled by area, with the outer circle representing 20% of population. Bins are 5°. Solid
grey lines represent the strike of average fault planes shown in fault plane solutions in this figure
(subsets x-xii). A hypothetical master fault (M?) for a Riedel model is shown in its predicted
orientation.
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Figure 3.39. Characteristics of oldest semi-brittle faults (D4). A. Landscape view of thrust below peak
1408 m with top-to-the-southeast sense of displacement. Red shading represents largely cataclastic
zone in the footwall of the thrust. Inset photograph shows pseudotachylite along the fault surface,
and additional detail shows the sharp contacts between light green ultramylonite and the
pseudotachylite that cross-cuts it. Stereonet inset represents fault planes and corresponding
slickenline measurements with arrow to indicate movement of the hanging wall. Slickenlines plotted
in the NW-quadrant of the stereonet were measured along the thrust shown in the landscape image.
Slickenlines in the SE quadrant were measured across Adams Burn, in a fault zone at the
approximate location of the photographer. Yellow circle corresponds to the outcrop shown in B. B.
Manually stitched photographs of an early D4 thrust fault. Faults largely parallel S1 in this exposure
of granitoid gneiss. Cataclastic zones preserve synthetic riedel shears that offset a felsic dike at the
center of the image.
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Figure 3.40. Brittle features in thin section (D4). Both images captured under plane polarized light.
For both images, half arrow points up, and full arrow points north. A. Pseudotachylyte from the
surface of a thrust with a top-to-the-northwest sense of shear. Cross-cutting foliations within
pseudotachylyte indicate some amount of flow immediately before solidification during multiple
motions along the same fault surface. Narrow fractures cut all features. B. Pseudotachylite from the
surface of a thrust with a top-to-the-northwest sense of shear. Fragments of cataclastic quartz and
feldspar (white area), as well as isolated fragments of pseudotachylyte (example in bottom left)
indicate multiple motions along this fault surface under different conditions. Inset shows detail of a
late fracture that has a clear ductile component of deformation.
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Both populations of faults display evidence for a strong ductile component of
deformation (Fig. 3.41). In marble and calc-silicate horizons, zones of boudinaged and
imbricated dikes indicate a sense of shear (top-to-the-northwest) compatible with nearby
faults. Mineral stretching lineations, mineral rodding on boudins necks, and fold features
in marbles, pelitic horizons, and amphibolites are also kinematically compatible with
thrusts, recording a top-to-the-northwest or southeast sense of shear (Fig. 3.34e). The
relative timing of faulting and folding described here is also compatible, as both types of
structures cross cut the youngest population of leucocratic dikes (e.g. Fig. 3.39b).
Kinematic, geometric, and relative timing compared to leucocratic dikes suggests that the
top-to-the-northwest and southeast faults have a strong ductile component.
Map-scale warping of Misty pluton host rocks, including the Cozette pluton, is
also consistent with top-to-the-northwest or southeast thrusting. Folds of S2-bearing rocks
have km-scale wavelengths with approximately northeast-southwest trending fold axes.
These folds were recognized during the QMAP project (Turnbull et al., 2010), by Scott
and Cooper (2006) near Mount Irene, and by our field group (Fig. 3.3a, Plate 1). Fig.
3.17b shows a broad synform in the uppermost thrust sheet, deforming both Cozette
pluton, Robin gneiss, and their Irene Complex host rocks. Composite profile A-B’ depicts
this folding in Fig. 3.4.
The common outcrop and thin section features among the faults described above
suggest, at minimum, similar conditions during formation. Additionally, the two
populations of faults have generally similar instantaneous strain axes, even though both
populations display some scale-invariant geometric variability (Fig. 3.38a, plot sets i, ii).
The kinematic axes of two populations are similar enough that 95% confidence intervals
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Figure 3.41. Ductile component of oldest semi-brittle faults (D4). A. Localized mylonitisation of a
marble + leucocratic dike horizon on the southern side of Adams Burn. Boudinage of felsic dikes
creates a disrupted foliation pattern, but the inset shows convincing top-to-the-NW sense of shear in
the form of imbricated boudins. B. Folding of S1 and disruption of felsic dikes in the footwall of a
thrust with top-to-the-SE sense of displacement. Dikes cross-cut S1, and also disrupt the formation of
folds, resulting in drag folds of S1. Evidence of deformation in these felsic dikes is illustrated at the
thin section scale in Fig. 3.20.

overlap for the two populations (Fig. 3.38f). These observations suggest that although the
two fault populations are geographically separated from each other, they may still be
kinematically compatible and have formed during the same deformation event. This
indicates then that the faulting event was kinematically and geometrically partitioned
along strike, where the two populations are observed to interact only at the head of the
north branch of Adams Burn (Fig. 3.6), and around peak 1694 m (Plate 1).
Another population of thrusts, showing a top-to-the-east sense of shear, is
identified throughout the 2015 field area. (Plate 1). The geometry of these faults is
represented in Fig. 3.38a, subset iii. These thrusts are consistently observed parallel to
S1–S3, and while there is some overlap between faults in Fig. 3.37 fault set ii, we note
that faults with top-to-the-east sense of shear are generally more oblique, and lack the
pseudotachylyte and ultramylonite observed in thrusts with top-to-the-southeast sense of
shear. The shallow dips contrast the more moderately-dipping fault planes of top-to-thesoutheast thrusts, and their position west of the top-to-the-southeast thrusts is consistent
with out-of-sequence faulting. This set of oblique thrusts is observed most frequently in
areas deformed during D2 and D3 (e.g. Fig. 3.42). The faults are recognized as foliation
(sub)parallel cataclastic horizons in the Cozette pluton and Robin gneiss (Fig. 3.42b), but
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Figure 3.42. Reactivation of a shear zone (D3) by out-of-sequence faulting (D4) faulting. A. Outcrop view of cataclastic deformation in an out-ofsequence thrust along the Misty-Cozette contact. S2 in the Misty pluton is deflected into a S3/L3 shear zone with top-to-the-left (west) sense of shear,
which is then reactivated by an approximately foliation-parallel top-to-the-east thrust (D4). Small riedel shears (labeled) indicate that the D4
reactivation has a top-to-the-right (east) sense of displacement. Inset shows that the riedel shear geometry is reasonable if the master fault is
approximately parallel to the Misty-Cozette contact and S3/L3 shear zone. B. Cataclastic, epidote-rich zones (one is outlined in black) reactivate domains
of ultramylonite in D3 shear zones.
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also show a well-developed ductile component of deformation in the Irene Complex
(footwall) at site 15AB-108 (Fig. 3.43d). An average fault plane solution and fault plane
summary of these southwest-dipping oblique thrusts is shown in Fig. 3.38a, subset iii.
This population of faults exemplifies the care needed for the interpretation of
kinematic indicators related to faulting. Fig. 3.42a shows an S3/L3 shear zone at the
Cozette-Misty contact with top-to-the-left (west) sense of shear. Overprinting that,
however, are more subtle brittle kinematic indicators in the form of small riedel shears.
This outcrop view is approximately perpendicular to slickenline orientation. We interpret
the S3/L3 shear zone to represent the master fault in this case, because S3 is frequently
reactivated during top-to-the-east D4 faulting. The set of small fractures in the footwall
are oriented 18° clockwise from the master fault, generally consistent with the predicted
orientation of synthetic R-shears for this top-to-the-right (east) thrust. Similarly, Fig.
3.42b shows a sigmoidal feldspar porphyroclast associated with an S3/L3 ultramylonite.
Ultramylonite sense of shear is consistently top-to-the-west (left), but cm-scale fragments
from S3/L3 shear zones in a nearby outcrop are imbricated, giving a top-to-the-east sense
of shear. Even though ultramylonitic and cataclastic zones are spatially associated, the
cross-cutting relationships and opposing kinematics indicates that the two styles of
deformation
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not
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during
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Figure 3.43. Oblique reactivation of a top-to-the-east thrust at site 15AB-108. A. Profile of the fault
zone, with Robin gneiss in the hanging wall and quartzofeldspathic gneiss of the Irene Complex in
the footwall. A pegmatite dike is deformed within the fault zone. Daypack for scale. Lettered circles
correspond to locations of subsequent parts of this figure, with ‘E’ located 10-20 m below, in the
footwall. B. (not marked in part A) Pegmatite dike cross-cutting S2 foliation in quartzofeldspathic
gneiss. C. Approximately foliation-parallel cataclastic horizon in Robin gneiss. Geometric and
kinematic characteristics are consistent with top-to-the-east thrusts observed at Camp 2 and
elsewhere at Te Au Saddle. Inset represents faults and slickenlines measured along S2 foliation planes
in the Robin gneiss at 15AB-108. D. Shearing along the pegmatite dike in part A. Sigmoidal clast of
dike indicates a top-to-the-right (east) sense of shear. E. Folding of a foliation-parallel ductile and
cataclastic horizon in quartzofeldspathic gneiss of the Irene Complex. F. Oblique reactivation crosscutting S2 and folding older fault surfaces. Small oblique faults (white lines) cross-cut S2 and fold an
earlier fault surface with preserved slickenlines (black lines). These deformed faults are not parallel
to S2, and suggest that there may be an additional, if minor, set of faults related to older top-to-theeast faults found elsewhere on the outcrop.

In cases where this top-to-the-east fault set is observed with gently folded S2
foliations, epidote-stained slickensides and cataclastic zones are also folded (Fig. 3.30,
3.43e). This observation suggests that gentle folding common to outcrops of S2 and S3
developed after the generation of the top-to-the-east thrusts. The dominant fault plane
orientation of this population is gently-moderately dipping to the southwest, with westplunging slickenlines (Fig. 3.38, subset iii). Where gentle warping and doming of these
thrusts has occurred, in the Cozette pluton and Robin gneiss at Te Au Saddle camp,
folded fault surfaces are observed to dip gently to the north or south. Slickenlines on
these faults plunge to the west and east, creating a highly oblique or apparent strike-slip
sense of displacement (Fig. 3.38a, subsets, iv, v). The evidence of folding in both S2 and
top-to-the-east thrusts indicates that the faults in Fig. 3.38a, subsets iv and v are not
unique faults, but folded equivalents of faults in subset iii.
Excepting instances of folded top-to-the-east thrusts, this population of faults has
a similarly-oriented mean instantaneous extension axis as the aforementioned top-to-thenorthwest and top-to-the-southeast thrusts. However, Fig. 3.38e shows the disparity
between slickenlines for top-to-the-southeast thrusts
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and

oblique

top-to-the-east

thrusts. The difference is significant, and although there is overlap between the sub
vertical mean orientations of X-axes, gently plunging Z-axes do not overlap, indicating
different directions of shortening (Fig. 3.38f). These kinematic differences could indicate
that the oblique thrusts formed during a different event, or could be the result of thrusts
formed during a single event cross-cutting different foliation generations. Figures 3.11
and 3.12 show that top-to-the-east oblique thrusts (solid thrust teeth) mostly deform areas
preserving S2 and S3, while top-to-the-northwest and top-to-the-southeast thrusts (dashed
and open thrust teeth, respectively) mostly cross-cut areas preserving S1. This observation
suggested that the geometry of underlying anisotropies may play a role in the orientation
of reactivating brittle and semi-brittle faults.
Oblique reactivation of faults
Evidence of the reactivation of thrusts with top-to-the-southeast and top-to-theeast sense of shear is widespread near the Adams Burn and Te Au Saddle camps.
Evidence of reactivation includes older fault zones reactivated by series of younger faults
(e.g. site 15AB-108, Fig. 3.43f), as well as discrete fault surfaces with multiple
slickenline orientations (e.g. Fig. 3.44). As emphasized by Sperner and Zwiegel (2010),
determining overprinting relationships of slickenlines on a single fault surface can be
difficult, as apparent cross-cutting relationships are simply a consequence of which fault
block eroded (cf. Sperner and Zweigel, 2010, Fig. 2). By contrast, truncation
relationships between fault populations are unambiguous, and we document them in a
spectacular

fault

zone

at
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15AB-108.
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Figure 3.44. Oblique reactivation of a fault surface. A concave-down fault on the north side of Adams
Burn shows evidence for reactivation, with slickenlines of different orientations populating the same
fault surface. The steepening geometry of the fault in consistent with the oblique slickenlines, and is
suggestive of a positive flower structure. Included stereonets represent faults and slickenlines within
this fault zone. Arrows in the stereonets indicate movement direction of the hanging wall. Site 15AB61 is located along this fault, but is on the southern side of Adams Burn (Plate 1).

Station 15AB-108 best preserves the series of events from S2 development
through two phases of faulting, with the exception of S3/L3, which is better preserved
nearby at station 15AB-93. This sequence is depicted via annotated field photos in Fig.
3.43. Fig. 3.43b shows S2 in the Robin gneiss truncated by a leucocratic pegmatite dike.
Top-to-the-east thrusts then create S2 foliation-(sub)parallel cataclastic horizons and
ductilely deform dike margins in the footwall of the fault zone (Irene Complex) (Fig.
3.43c, d). S2-parallel cataclastic and ductile horizons in the footwall are also gently folded
into dome and basin structures indicating that, if these foliation-parallel structures are
associated with D4, the folding occurred after initial D4 deformation. Lastly, Fig. 3.43f
shows small faults with dominantly top-to-the-north/northeast sense of shear reactivating
a small package of biotite-rich Irene Complex rocks in a larger fault zone with older, topto-the-east fault surfaces. This outcrop shows a clear sequence of events supporting
reactivation of top-to-the-east thrusts by top-to-the-north/northeast oblique faults. We
consider these observations at other field sites where a discrete fault surface was
reactivated, such as at 15AB-34 (Fig. 3.44), and apply the same order of events to
interpret highly oblique top-to-the-northeast faulting after top-to-the-southeast thrusts.
The geometry of oblique and gently-moderately dipping top-to-the-northeast
faults is dependent, in part, on the thrusts that they reactivate. In areas of the MSZ, the
overprinting thrusts are generally parallel to S2, dipping to the west/southwest with topto-the-east sense of shear. Reactivating faults then also dip to the west/southwest, with
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southwest-trending slickenlines and a resultant oblique right thrust sense of offset. Where
gently-moderately northwest dipping thrusts were reactivated, top-to-the-northeast
reactivation produced a dextral strike-slip sense of offset. Average fault plane solutions
and fault plane summaries of these reactivating faults are shown in Fig. 3.38b, subsets vi
and vii.
Oblique faulting with top-to-the-northeast sense of shear preserves a ductile
component of deformation in ~40 m to reactivated thrust surfaces, such that where fault
zones are not readily observed, kinematically compatible protomylonitic S4/L4 structures
are abundant (Figs. 3.9, 3.10, 3.12). A summary of ductile L4 mineral and fold axes is
presented in Fig. 3.34a,d. Top-to-the-northeast S4/L4 structures are concentrated along the
eastern margin of the Cozette pluton, both in the Cozette and its host rocks.
In the Cozette pluton and in large rafts of granitoid orthogneiss and
quartzofeldspathic gneiss, S4 forms anastomosing networks around less deformed
asymmetric pods (Fig. 3.45). At the meter- to centimeter scale, S4 is recognized as
consisting of abundant ribbons of recrystallized quartz. L4 is composed of recrystallized
quartz ribbons and aggregates of biotite and chlorite. In thin section, these ribbons are
composed of quartz displaying extensive subgrain rotation and bulging recrystallization
(Fig. 3.46a). Feldspar porphyroclasts are mantled by recrystallized grains (Fig. 3.16b),
and also display kinked twins. Syn-tectonic growth of chlorite and some epidote is also
evident during protomylonite development in the Cozette pluton (Fig. 3.46c). In the
Cozette pluton, S4 is locally absent in places of L-tectonite development. Because Ltectonites are so localized compared to S4, we suggest that these may be the ‘necks’ of
the asymmetric pods presented in Fig. 3.45.
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Figure 3.45. Protomylonitic shearing associated with oblique reactivation below peak 1408 m.
Outcrop tracing of meter-scale asymmetric pods indicating a top-to-the-right (northeast) sense of
shear. The extent of protomylonitic S4 below peak 1408 m (Figs. 3.09, 3.12) contrasts against styles of
localized reactivation of shear zones and fault zones illustrated in Figs. 3.42 and 3.43, respectively.
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In amphibolite exposures, cleavage domains of metamorphic biotite associated
with D2 (SABT) are occasionally reactivated and preserve a weak C’-S shear band
cleavage showing top-to-the-northeast sense of shear (Fig. 3.46b). The growth of epidote
and chlorite is widespread in reactivated amphibolite exposures, and replacement of
biotite by chlorite is also observed. The general process for reactivation is shown in some
samples, in that chlorite appears to be replacing biotite in the form of discrete fluid fronts,
with localized (thin section-scale) boundaries between intact biotite and chlorite
pseudomorphs. Deformation mechanisms in quartz and feldspar in the Cozette pluton as
well as growth of chlorite and epidote are consistent with greenschist-facies conditions
and the presence of fluids accompanying reactivation of earlier thrusts.
Kinematic incompatibility between top-to-the-northeast faults (magenta arrows
along fault traces in Plate 1) and all older brittle and semi-brittle faults (open, closed, and
dashed saw teeth along faults in Plate 1) supports field evidence for reactivation.
Slickenline orientations for top-to-the-northeast faults are statistically significantly
different from older thrusts (Fig. 3.38e), with slickenline trends sufficiently different such
that there is no overlap between older thrust slickenlines and slickenlines associated with
reactivation. Comparison of kinematic axes between thrusts with top-to-the-east or
southeast sense of shear and their corresponding reactivating faults shows no overlap
between pairs of extension or shortening axes in similarly oriented fault planes. These
results are consistent with information provided in Marrett and Allmendinger (1990) on
recognizing multiple deformations via fault slip analysis, and indicates that multiple
faulting

episodes

occurred
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during

D4.
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Figure 3.46. Ductile component of oblique reactivation in
thin section. A. Oblique ductile D4 reactivated by younger
cataclastic features. SGR in quartz represents top-to-the-left
(north) sense of shear. Image captured under crossed polars.
Full arrow points up to oriented surface, half arrow points
to 170° B. Weak C’-S shear foliation in amphibolite. Full
arrow points up to oriented surface, half arrow points to
005°. C. Syn-tectonic chlorite growth associated with oblique
reactivation. Full arrow points up to oriented surface, half
arrow points to 220°.

Strike-slip fault populations
Five kinematically and geometrically distinct populations of steeply dippingsubvertical strike-slip faults were identified during the 2015 field season. These faults are
found within all lithologies, and they show evidence of cross-cutting all previously
described fault sets. No evidence of cross cutting relationships between these five fault
populations was observed. Like other faults in the field area, strike-slip faults have a
ductile component, with foliations deflecting into minor strike-slip faults (e.g. in
exposures of amphibolite at 15AB-31) (Plate 1). By contrast, pseudotachylyte was
observed within the same population of faults where one fault transects an exposure of
granitoid orthogneiss at site 15AB-25.
In thin section, the youngest observed deformation is associated with these last
five populations of strike-slip faults. D4 ductile structures correlated with top-to-theeast/southeast thrusts and top-to-the-northeast reactivation show overprinting by narrow
cataclastic, epidote-rich zones. Examples include ductilely deformed dikes associated
with top-to-the-southeast thrusting cross-cut by late fractures (Fig. 3.20d), and cataclastic
zones enveloping quartz deformed via subgrain rotation during top-to-the-northeast
reactivation (Fig. 3.46a). Narrow, sub-mm wide quartz and epidote veins also cross-cut
the same early-D4 ductile structures, and indicate that fluids were associated with strikeslip faulting. Although other brittle fault populations show evidence of cataclasis, the
observation of these cataclasite zones and fractures truncating structures linked with
oblique reactivation indicates that they are comparatively young, consistent with the
observation of steeply-dipping strike-slip faults cross-cutting other faults formed during
D4 .
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Of the five populations of strike-slip faults, three are dominant. Two subordinate
sets that are described here, but are few in number and observed only at four stations. The
subordinate faults are presented in Fig. 3.38c, and include a pair of northwest-southeast
striking dextral faults observed at site 15AB-4, and three instances of northeast-southwest
striking sinistral faults, measured within a single reactivated fault zone, presented in Fig.
3.44. Although these northeast-southwest striking sinistral faults are technically
reactivated thrusts, their sinistral kinematics are opposite of all other observed
reactivating faults. The two fault subsets presented in Fig. 3.38c are weakly kinematically
compatible, each with gently dipping, north-trending shortening (Z) axes and easttrending extension (X) axes. Extension axes created via linked Bingham calculation differ
by 27°, and the trace length of each subset differs by at least two orders of magnitude
(meters v. hundreds of meters) but both faults are compatible with approximately northsouth direct shortening. Average fault plane solutions and fault plane summaries of these
strike-slip faults are shown in Fig. 3.38c, subsets viii and ix.
Three other fault sets are recognized. Each is composed of more individual faults
from more stations than the two subordinate fault sets. The three subsets consist of a
northwest-southeast striking sinistral population, a west/northwest-east/southeast striking
sinistral population, and a northeast-southwest striking dextral population. The first two
subsets were recognized south of Adams Burn and peak 1694 m (Plate 1). The northwestsoutheast striking set is more numerous than the west/northwest-east/southeast
population, but the approximate parallelism of valleys and drainages shown in Plate 1
with the latter set suggests that it is likely the dominant population.
The final subset of faults, a dextral population striking northeast-southwest, is
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recognized north of the Adams Burn camp along the ridge east of peak 1408 m, and
immediately north of the Te Au Saddle camp. This was the only set observed to have
pseudotachylyte, and also consisted of the largest observed faults apart from the thrusts.
Of interest is a northeast-southwest striking, variably northwest dipping fault in Fig. 4.44.
Fault plane-slickenline pairs suggest three kinematically distinct episodes of motion in
the fault zone, two of which are highly oblique. Coupled with the concave-down
geometry of the fault zone, slickenline orientation supports the presence of a positive
flower. This fault geometry is associated with transpressional environments, and although
it could be sinistral or dextral depending on which slickenlines are consulted, we suggest
that it was dominantly dextral transpressive based on the presence of other northeastsouthwest striking dextral faults in the field area. It should be noted too that this late
population of strike slip faults strikes subparallel to S1 and S2 where they are identified in
the field.
We assess the kinematic compatibility of the three primary strike-slip fault sets in
Fig. 3.38d. Average fault plane solutions reveal that X and Z axes of all three fault
subsets are gently plunging or subhorizontal, plotting around the primitive of their
stereonets. Although there is variability of the trend of the axes, there is general
kinematic compatibility, with extension axes (X) trending approximately north-south, and
shortening axes (Z) trending approximately east-west.
A model for the dominant strike-slip fault sets is explored in Fig. 3.38g, where the
strike of the average fault planes from each subset in Fig. 3.38d is superposed on a rose
diagram of all 30 strike-slip faults from the three dominant subsets. Angles between fault
planes reveal an ideal conjugate angle of 60° between two of the subsets. This angle is
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consistent with an east-west trending shortening direction. We consider a model of riedel
faults to explain the orientation of the northwest-southeast striking sinistral faults. If
northeast-southwest striking and west/northwest-east/southeast striking faults represent
conjugate R’ and R faults, respectively, then the predicted sinistral master fault should
strike approximately 15° clockwise from R, at 121°. A P fault to this master fault would
then strike approximately 316°. This is 8° from the observed population of northwestsoutheast striking sinistral faults, striking 324° (Fig. 3.38g).
An 8° difference between predicted and observed fault populations does not
necessarily invalidate the Riedel model, but we also observe geographic separation of the
three fault subsets. Northwest-southeast and west/northwest-east/southeast striking faults
were observed south of peak 1694 m, and northeast-southwest striking faults were
observed primarily north of the Adams Burn camp. To confirm a Riedel model of
faulting, we would prefer to have a record of linkages between R and R’ faults along a
fault zone, instead of partitioning between potential R and R’ faults perpendicular to the
approximately east-west trending shortening direction. Coupled with the anisotropic
rocks that these faults transect and their ductile characteristics, we conclude the Riedel
model to be useful, but an insufficient predictor of fault plane orientation. It still stands,
though, that the three fault sets are compatible in a setting with an approximately
horizontal, east-west trending shortening axis.
3.5. Discussion
Any tectonic model called upon to synthesize the regionally correlated structural
sequence presented in subsection 3.4 and Tables 1 and 3 must explain observed crosscutting relationships, geometries, and structural observations made at all scales. Cross165

cutting relationships and available geochronology data indicate an extended history of
deformation, magmatism and metamorphism in our field area, from Cambrian
orthogneisses to late-stage, potentially Tertiary brittle faulting. Over this long time frame,
structural styles range, in order from oldest to youngest, from km-scale gneissic banding
in Paleozoic metasedimentary and metaigneous rocks, to major, aynmagmatic plutonmargin shear zones and thrust belts, to localized ultramylonites, to a system of brittle and
semi-brittle faults. Over the same time range, important magmatic and metamorphic
events include metamorphism before emplacement of the Cozette pluton, emplacement of
the Misty pluton and associated metamorphism, and intrusion of the population of
leucocratic pegmatite dikes.
Within the structural, magmatic, and metamorphic sequence presented in Tables 1
and 3, some important observations that should be addressed by any tectonic model
include: Mineralogy of S1 and the timing of D1 relative to emplacement of the Cozette
pluton, the reactivation of S1 during D2, the kinematic variability of structures formed
during D2 (Fig. 3.13), the timing of D2 relative to Misty pluton emplacement, the
kinematics and distribution of S3/L3 shear zones, timing of D4 relative to leucocratic dike
emplacement, and the geometry and distribution of faults formed during D4 (Fig. 3.10).
Given this variability, I interpret the significance of D1-D4 individually, and place
each in the context of Fiordland’s documented geologic history.
3.5.1. Paleozoic architecture of the Gondwana margin (D1)
The earliest deformation event (D1) encompasses all fabric development and
mineral growth prior to the intrusion of the Cozette pluton at c. 390 Ma (Ramezani and
Tulloch, 2009). Rather than a single pulse of deformation, magmatism, and
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metamorphism, D1 represents the time interval from deposition of Gondwana-margin
sediments to the emplacement of the Cozette pluton; a time frame punctuated by
intrusion of protoliths of the Jaquiery granitoid orthogneiss and amphibolites, and several
phases of deformation and metamorphism related to the early growth of the continental
arc. In this way, S1/L1 is a Paleozoic composite rock fabric, which, while extensively
modified by post-Cozette pluton processes, reveals a stage of the arc’s history when
deformation, magmatism, and metamorphism effectively set the stage for Mesozoic and
younger deformation.
As a probable correlative of the Takaka terrane, protoliths of Irene Complex rocks
likely record deposition offshore of the Gondwana margin, possibly between the margin
and a volcanic island arc (Münker and Crawford, 2000; Gutjhar et al., 2006; Bradshaw et
al., 2009), where many Takaka terrane volcaniclastic metasedimentary rocks are though
to have originated (Münker and Crawford, 2000). Intrusion of the protoliths of the c. 485
Ma Jaquiery granitoid gneiss and c. 460 Ma amphibolite (R. Turnbull, pers. comm.,
2015) post-dates deposition of Takaka terrane sediments, but pre-dates amalgamation of
the offshore Takaka volcanic island arc and the continent-margin Buller terrane. The
amalgamation of these terranes is thought to be complete by 387 ± 3 Ma, the age of small
volumes of shared magmatism in both terranes (Turnbull et al., 2016). This conclusion
agrees with those drawn by Jongens (2006) and Muir (1997) based on the identification
of a folding event shared in the Buller and Takaka terranes that was cross-cut by the
Karamea suite. The amalgamation of these terranes is a potential source of deformation
of rocks pre-dating emplacement of the Cozette pluton.
Although Karamea suite magmatism is restricted to rocks of the Buller terrane in
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New Zealand, correlatives of the suite have been identified in Australia and Antarctica
portions of Gondwana, suggesting that Karamea suite magmatism was extensive.
Turnbull et al. (2016) dated Karamea suite plutons, and found tightly-constrained
emplacement ages for the high-flux event between 370 and 368 Ma. These ages overlap
with the first of three regional metamorphic events documented in Fiordland (M1),
(Table 1). A period of a low-pressure/high-temperature metamorphism from 360–370 Ma
was recognized by Ireland and Gibson, (1998) and Allibone et al., (2007), characterized
by upper amphibolite facies metamorphism and sillimanite growth in pelitic exposures.
We did not identify sillimanite in our samples, but consider the timing of M1 to be
compatible with pre-Cozette pluton emplacement deformation and metamorphism in our
field area.
By comparison, we note many of the structures that Ireland and Gibson (1998)
related to M2 (Table 1), a mid-upper amphibolite facies metamorphic event between 340
and 330 Ma. This event is characterized by the growth of kyanite in aluminous rocks
(Ireland and Gibson, 1998; Daczko et al., 2009; Scott et al., 2009a). Ireland and Gibson
(1998) associate this event with not only kyanite growth, but with growth of garnet
containing inclusions demarcating an inherited foliation. The authors note that
sillimanite, if present at all, is only found as inclusions in garnet. We note the presence of
kyanite in our pelitic samples as well as garnets with an inherited foliation. The growth of
hornblende and biotite as S1-defining minerals in our field area is also compatible with
the mid-upper amphibolite facies conditions documented be Ireland and Gibson (1998).
Additionally, Gibson and Ireland (1998) associate M2 with the development of isoclinal
recumbent folds noted by Oliver (1980) and Gibson (1990, 1992). These folds are
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interpreted by Gibson and Ireland (1998) to be consistent with a model of metamorphism
driven by tectonic thickening. This may be reflected in the rare folding and asymmetric
clasts recording top-to-the-northwest shearing during D1 in our field area.
Both S1 and the hornblende + garnet + epidote + kyanite + biotite assemblage that
characterizes D1 are absent in the Cozette pluton. This indicates that D1 occurred before
emplacement of the Cozette pluton, which is consistent with the abundant evidence for
pre-Cozette deformation, metamorphism, and magmatism observed in Fiordland between
387 ± 3 (Turnbull et al., 2016) and 340-330 Ma (Ireland and Gibson, 1998). Evidence of
grain boundary migration recrystallization shared between the Cozette pluton and the
Irene Complex then indicates that S1/L1 has been modified, in places extensively, during
subsequent deformation and metamorphism after emplacement of the Cozette pluton.
A final note on the significance of inherited mineral assemblages concerns the
implications for their use in calculating equilibrium temperatures. Our findings of
preserved, potentially Paleozoic garnets in proximity (~3 km) to the Early Cretaceous
WFO are consistent with those made by Daczko et al. (2009) regarding the persistence of
Paleozoic mineral assemblages within the thermal aureole of the WFO. The implications
of mineral metastability relate to assemblages in hanging wall/footwall contact, and
interpreting a structure’s significance based on different assemblages in the hanging wall
and footwall of a fault or shear zone. Metastable mineral assemblages may incorrectly
indicate that the last conditions that an assemblage equilibrated at were in fact, associated
with the last thermal event felt by the rock; potentially resulting in interpretations of large
displacements where they do not necessarily exist. We did not utilize contrasting mineral
assemblages to interpret displacements on structures in our field area, but we use our
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observation of inherited assemblages to suggest that caution be used when synthesizing
structural analyses with petrologic observations.
3.5.2. Partitioned transpression during Misty pluton emplacement (D2)
Important observations for interpreting the significance of the MSZ, TASSZ, and
the SABT include: 1) the timing of deformation relative to D1 and the emplacement of
the Misty pluton, 2) gradients in rock fabric intensity, 3) the spatial distribution of
structures, and 4) the partitioning of structures preserving arc-normal and arc-oblique
displacements. Because cross-cutting relationships observed in the field cannot constrain
the operation of the MSZ, TASSZ, and the SABT to the same time interval, we
incorporate unpublished U-Pb geochronological results from pre-tectonic and posttectonic leucosomes and dikes to show that the structures are approximately coeval with
emplacement of the Misty pluton, and that together they fit a model of partitioned
transpression during emplacement of the high-volume Misty pluton.
Timing of the Misty shear zone and South Adams Burn thrust
East of Cozette Burn in the SABT, a pre-F2 leucosome yields an age of c. 113.7 ±
2.3 Ma, and a post-F2 pegmatite dike yields an age of 102.7 ± 2.0 Ma (Schwartz, pers.
comm., 2015). Within error, these ages suggest that the SABT occurred between 116 and
100.7 Ma. Additionally, the 111.0 ± 1.1 Ma age of the unfoliated Separation Point Suite
(Schwartz, pers. comm., 2015) collected north of Adams Burn suggests that movement
along the SABT was complete by as early as 112.1 Ma.
The youngest unit preserving MSZ S2 is the Misty pluton, but it is not preserved
at all exposures. Boundaries between deformed and undeformed areas in the Misty pluton
are abrupt, on the order of tens of meters. This is evident in the extent of preserved
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magmatic flow fabrics in the Misty (Figs. 3.18b, 3.26e), as well as the structural
differences between the deformed and undeformed exposure of the Misty pluton
highlighted in Fig. 3.04 stereoplots. A post-D2 dike at Camp 2 yields an age of 119.9 ±
2.8 Ma (Schwartz, pers. comm., 2015), indicating that displacement along the MSZ had
stopped by as late at 117.1 Ma. Together, these observations suggest that the Misty
pluton was emplaced in sheets, with younger, undeformed sheets emplaced after shearing
had ceased. Shearing, then, operated at least during part of Misty emplacement, which is
a fundamental difference between the MSZ and other Cretaceous structures such as the
Caswell Sound fold and thrust belt, the GSSZ, and the ICSZ, all of which were active
after WFO emplacement. Geochronology also suggests a small offset in timing between
the MSZ, complete as late as 117.1 Ma, and the SABT, occurring as early as 116.0 Ma.
Partitioned transpression and structural inheritance
The MSZ, TASSZ, and SABT display different displacements relative to the
orientation of the Cretaceous arc. The MSZ and TASSZ record mostly highly oblique
sinistral reverse displacements, and the SABT records displacements approximately
normal to the arc (Fig. 3.47). There is also geographic separation between the structures,
with the MSZ and TASSZ north and west of Cozette Burn, and the SABT east of Cozette
Burn (Fig. 3.13). Although there is a small offset in timing between the structures, we
interpret these structures to have formed together as part of a kinematically and (slightly)
temporally partitioned system of sinistral transpression during Misty pluton
emplacement.
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Figure 3.47. Stereonet summaries of S2/L2/F2 structures. Representative foliation is taken from camp
2, where there was the least evidence for extensive folding and faulting disrupting S2.

The location of the MSZ along the margins of the Misty pluton in our field area is
consistent with a model of thermal weakening promoting localization of highly oblique
displacements. Dewey et al. (1998) suggested that this is likely in island arc
environments where strike-slip components of deformation are accommodated along the
weakened axis of the arc. By contrast, the SABT is comparatively distal to the Misty
pluton contact, within the strongly foliated, biotite-rich host rocks of the Cozette pluton.
The deformation is strongly localized outside of the Cozette pluton, suggesting that a
172

lateral rheological contrast between the Cozette and its host rocks may be responsible.
Structural inheritance plays a role in this rheological contrast, as S1 development and
biotite growth occurred prior to emplacement of the Cozette at c. 340 Ma. (Ramezani and
Tuloch, 2009).
The relationship between deformation and magmatism
In our field area, evidence for the MSZ operating coeval with emplacement of the
Misty pluton consists of: 1) parallelism of S2 and in both the Misty and Cozette plutons
(Fig. 3.28), 2) the presence of magmatic flow fabrics within the Misty, and 3) the
occurrence of abrupt structural breaks between strongly foliated and weakly-nonfoliated
exposures of the Misty pluton. We interpret these observations to indicate that the MSZ
was operating at the beginning of Misty pluton emplacement in our field area, and that it
had stopped prior to emplacement of successive sheets of the Misty.
Additional evidence for a syn-emplacement MSZ is found elsewhere in Fiordland:
The post-tectonic dike cross-cutting the MSZ at Camp 2 was dated to 119.9 ± 2.8 Ma
(Schwartz, pers. comm., 2015). This is younger than the 122.6 ± 1.9 Ma emplacement
age from Allibone, et al. (2009c), but is significantly older than the Misty pluton exposed
at Bradshaw Sound and Nancy Sound. There, the Misty pluton yielded U-Pb zircon
emplacement ages of 114.7 ± 1.7 Ma and 115.3 ± 2.0 Ma, respectively (Sadorski, 2015).
This c. 115 Ma age marks the end of the main pulse of magmatism, from 118 to 115 Ma
(Mattinson et al., 1986; Tulloch and Kimbrough, 2003; Hollis et al., 2004; Sadorski,
2015). Geochronology then suggests that the majority of the Misty pluton was emplaced
after movement along the MSZ had stopped but that locally, the MSZ was coeval with
sheeted emplacement of the Misty pluton.
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MSZ activity at the beginning of emplacement of the WFO is consistent with
observations made globally of magma flare-ups occurring synchronously with convergent
tectonic regimes. DeCelles at el. (2009) investigates this correlation, and proposes that
lithospheric thickening in the form of fold and thrust belts is a possible trigger for flareups. This is observed in the North and South American Cordillera, where magma flareups have more evolved compositions consistent with underplating of continental
lithosphere to generate high Sr/Y melt (Ducea et al., 2015). These flare-ups also
correspond with duplexing of forearc and retroarc wedges (DeCelles, et al., 2009).
We suggest that the MSZ/TASSZ and SABT may be correlative with a phase of
underthrusting and intra-arc duplexing capable of triggering, or at least contributing to
the triggering of, a high-flux magmatic event. The structures record shortening that could
contribute to the subsidence necessary to deliver continental lithosphere to depths
necessary for melt generation based on the conceptual model by DeCelles et al., 2009. A
difference we note between our observations and the model by DeCelles et al. (2009) is
that our shear zones and ductile thrusts are proximal to the high-flux WFO, as opposed to
being exclusively upper crustal features detached from underlying basement rocks. This
suggests that the middle and lower crust can accommodate crustal thickening that
promotes the subsidence necessary to provide continental lithosphere for magma flareups and formation of a dense lower-crustal root. This observation reinforces the
significance of middle and lower crustal exposures; deformation in these portions of arcs
contributes to crustal thickening, and should be considered in addition to upper crustal
structures in how much shortening must occur to influence magmatic flare-ups and by
extension, the cyclicity of orogenesis in arc settings.
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Relationship with other Cretaceous shear zones and ductile thrusts
Within error, final movement along the MSZ occurred between 124.5 and 117.1
Ma (Table 1; Allibone et al., 2009c; Schwartz, pers. comm., 2015), overlapping with the
GSSZ, ICSZ, GMZ, and the MDSZ. Of these, only the MDSZ and the GMZ display
evidence of syn-magmatic activity. The MDSZ is located along the base of the Malaspina
pluton in the WFO, and preserves exposures of magmatic flow fabrics and variably
deformed sheets of the WFO (Klepeis et al., 2003). Timing of the MDSZ is unknown, but
it is truncated along with other expanses of the WFO, by the ICSZ (Klepeis et al., 2004).
The GMZ is bracketed between 128 and 116 Ma, with the Refrigerator orthogneiss
intruding at 120.7 ± 1.1 Ma (Scott et al., 2011). Foliation development in the Refrigerator
orthogneiss adjacent to the GMZ is defined by subhedral assemblages with little intracrystalline deformation, suggesting that the GMZ foliation developed at least locally with
magmatism. Together, the MSZ, MDSZ, and GMZ all accommodate crustal thickening
that may promote magma flare-ups and crustal growth, consistent with models proposed
by Ducea et al. (2015a,b), Ducea (2001), and DeCelles (2009) for HFEs controlled by
internal (intra-arc) forcings. We suggest that these structures represent a network of shear
zones that may be largely obliterated by the flare-up itself, or overprinted be postmagmatic shear zones such as the ICSZ and GSSZ.
Apart from their post-magmatic timing, we note similarities between the MSZ and
the GSSZ/ICSZ. The GSSZ is approximately along strike of the MSZ north of the
Coronation Saddle camp, paralleling the Misty-host rock contact until it transects the
Misty and Malaspina plutons. The GSSZ and ICSZ both transect the WFO indicating that
they operated after emplacement, but their geometric and kinematic similarities with the
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MSZ suggest that the transpressional environment was operational after movement along
the MSZ stopped at c. 120 Ma (Schwartz, pers. comm., 2015).
The arc-normal displacement recorded in the SABT between 116 and 109.9 Ma
(Table 1; Schwartz, pers. comm., 2015) lends itself to comparison with the 117–113 Ma
(Schwartz et al., 2016) Caswell Sound fold and thrust belt, as both record shortening at
high angles to the Cretaceous arc. Deformation at Caswell Sound consists of a bivergent,
north-south trending, fold and thrust belt along the upper contact of the WFO (Daczko et
al., 2002). The east- and west-directed displacements are coupled in some domains with
north-south trending biotite stretching lineations. Folds and thrusts as Caswell Sound
deform the contact of the WFO and its host rock, and are interpreted to have facilitated
crustal thickening and an up-pressure metamorphic history in the WFO (Daczko et al.,
2002). We do not see the definitive ~north-south trending biotite lineation associated
with our D2 at the SABT, but it’s conceivable that the northeast-southwest population of
lineations in our composite L1/L2 reflects some deformation associated with the SABT.
Additionally, even though the SABT is not in contact with the WFO, it is structurally
higher than the WFO (accounting for D4 thrusts), like the Caswell Sound fold and thrust
belt. We suggest that the SABT and Caswell Sound fold thrust belt are correlative based
on similarities in timing, structural level, and approximately arc-normal shortening
directions.
The MSZ and the SABT both record crustal thickening; one during early
emplacement of the misty leading up to a high-flux event (MSZ), and one coeval with the
high-flux event (SABT). Although both structures are exposed at the surface, their
formation at different crustal levels suggests that the structures are partitioned vertically
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as well as temporally and kinematically. Given these differences, it is conceivable that
the MSZ and SABT be interpreted as products of two separate events. However, the
correlation with the MDSZ/GMZ and Caswell Sound fold thrust belt suggest that the
structures are a part of a more complex network of mid-lower crust contractional features
broadly coeval with emplacement of the WFO, and important for the emplacement of the
magma flare-up
3.5.3. Localized (D3) mylonites
Field observations and structural correlations reveal that a third phase of
deformation (D3) is preserved as narrow (≤10 m-thick) greenschist-facies, gentlymoderately dipping, strike-slip or normal-sense shear zones. These structures are
localized near the Cozette-Misty plutonic contact near Camp 2, in a screen of the Cozette
pluton and along the eastern margin of the Misty pluton at Coronation Saddle, and in an
exposure of the Cozette pluton north of Te Au Saddle. These shear zones deform S2/L2,
and are themselves reactivated by fourth-phase brittle and semi-brittle faults.
S3/L3 shear zones have well-constrained cross-cutting relationships with the
other deformation events presented in Table 1, but the tectonic environment between the
cessation of movement along the D2 MSZ at c. 120 Ma (Schwartz et al., 2015) and the
occurrence of D4 [perhaps as young as 7-9 Ma based on muscovite and biotite ages
reported by Nathan et al. (2000) at Milford Sound] leaves a very large time frame during
which D3 could have occurred. In Fiordland during this time frame, the tectonic
environment transitioned from transpressional with emplacement of the WFO and SPS, to
extensional collapse and rifting of Gondwana, to transtension, plate boundary
reorganization and the transition to the modern dextral transpressive setting. In the
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absence of absolute age data, we rely on the geometric, kinematic, and textural
characteristics of S3/L3 shear zones to place them within Fiordland’s tectonic history
between the Early Cretaceous and late Tertiary.
Structures within Fiordland recording transpression or convergence involving
the WFO prior to orogenic collapse are dominantly steeply dipping, including the
Indecision Creek and George Sound shear zones (Marcotte et al., 2005; Klepeis et al.,
2004). The exception is the Caswell fold and thrust belt (Fig. 3.2), which records arcnormal displacements as folds and thrusts that sole into a subhorizontal shear zone at the
upper contact of the WFO with its host rock (Daczko et al., 2002; Klepeis et al., 2004).
Daczko et al. (2002) document mylonitic and ultramylonitic foliations with gentlyplunging, west-trending mineral lineations in a zone of imbricate thrusts at Caswell
Sound, consistent with the mylonitic-ultramylonitic textures in our S3/L3 shear zones.
Like S3/L3 shear zones, the imbricate thrusts deform the WFO and its host rock,
but the mineral assemblage associated with deformation at Caswell Sound consists of
garnet, biotite, plagioclase, K-feldspar, and quartz, consistent with granulite facies
conditions at the WFO-host rock contact (Daczko et al., 2002). Mineral growth during D3
in our field area is limited to biotite and limited chlorite, and dynamic recrystallization of
quartz and feldspar is accommodated dominantly via BLG and SGR in quartz, and coremantle structures in feldspar. These observations are more consistent with deformation at
greenschist facies conditions, in the realm of 450-500 °C (Stipp et al., 2002; Passchier
and Trouw, 2005).
Although the geometry of S3 and L3 are compatible with the zone of imbricate
thrust faulting described by Daczko et al. (2002), and both structures are localized along
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the margin of the WFO, we do not observe evidence of mineral growth or microstructures
compatible with granulite facies conditions, and the kinematics of our S3/L3 shear zones
show normal components of offset, with top-down-to-the west/southwest sense of shear.
This is opposite of the thrust sense observed in the Caswell fold-thrust belt. For these
reasons we suggest that D3 is unrelated to Cretaceous contractional or transpressional
deformation.
Like S3/L3 shear zones in our field area, extensional structures in Fiordland have
a normal component of deformation on gently dipping shear zones. Included are the
Doubtful Sound, Resolution Island, and Mount Irene shear zones (DSSZ, RISZ, MISZ)
(Gibson et al., 1988; Gibson and Ireland, 1995; Klepeis et al., 2007; Scott and Cooper,
2006) (Fig. 3.2). The DSSZ and RISZ are upper amphibolite facies, mylonitic shear
zones separating the WFO (footwall) from its dominantly Paleozoic host rock. Both shear
zones preserve top-down-to-the northeast and top-down-to-the southwest sense of shear.
Although S3/L3 shear zones preserve evidence of lower-grade, greenschist facies
deformation, the geometry and kinematics of the DSSZ and RISZ are compatible with
structures formed during our D3 event.
The MISZ is approximately along-strike of our D3 shear zones (Fig. 3.3), and
records amphibolite–greenschist facies conditions on a shear zone recording top-downto-the southwest sense of shear (Scott and Cooper, 2006). The MISZ deforms an early
foliation in the Robin gneiss and Irene Complex in the same way our S3/L3 shear zones
deform S2. Scott and Cooper (2006) call upon differences in equilibrium assemblages in
the upper and lower plates of the shear zone to suggest that displacements are consistent
with a metamorphic core complex model. Although the timing of our D3 event may
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coincide with inferred movement along the Mount Irene shear zone, we see no evidence
for different metamorphic grade across S3/L3 shear zones, and their narrow, anastomosing
geometry is inconsistent with a single detachment accommodating large displacements as
interpreted by Scott and Cooper (2006)
Even though our S3/L3 shear zones are narrow structures, likely with minimal
displacements, the similarities in kinematics and geometry with the DSSZ, RISZ, and
MSZ suggests that S3/L3 shear zones formed during extensional orogenic collapse during
the Early Cretaceous. When paired with evidence of syn-tectonic dikes within the DSSZ
dated at 101.4 ± 1.7 Ma (Klepeis et al., 2016) and 102.1 ± 1.8 Ma (Klepeis et al., 2007),
and a syn-kinematic dike in the MSZ dated at c. 108 Ma (Scott and Cooper, 2006), it is
conceivable that D3 occurred at broadly the same time in our field area.
Finally, it is worthwhile to consider the relationship between D3 in our field area
and Tertiary faults in Fiordland. Evidence of transtensional deformation related to rifting
is limited in Fiordland, but Newman (2014) identified a fault system compatible with an
approximately east-west trending extension direction. This is subparallel to our L3
mineral stretching lineation, and like transtensional faults identified by Newman (2014),
our S3/L3 shear zones are extensively reactivated to accommodate younger brittle and
semi-brittle faulting. Although the transtensional faults are generally much steeper than
our S3/L3 shear zones, the extension directions and relative timing are compatible and we
therefore do not rule out the possibility that our faults represent a transtensional phase of
Fiordland’s history prior to the development of the modern, dextral transpressive tectonic
regime.
3.5.4. Evolution of a Tertiary transpressional fold-thrust belt (D4)
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Within the field area in Plate 1, we identified a sequence of fault groups,
separated based on geometry, kinematics, and cross-cutting relationships. Starting with
the oldest, these groups are: 1) top-to-the-northwest and top-to-the-southeast thrusts; 2)
top-to-the-east thrusts with out-of-sequence geometries; 3) reactivation of older thrusts
with top-to-the-northeast oblique dextral reverse and dextral strike-slip sense of shear;
and 4) five populations of steeply dipping-subvertical strike-slip faults, three of which are
dominant, and approximate a riedel geometry. In this discussion, we now combine
populations to describe two kinematically distinct episodes of faulting, consisting of one
episode of thrust faulting with a shortening direction nearly perpendicular to the plate
boundary (groups 1 and 2), and a second episode of oblique thrusting and strike-slip
faulting in a system with a shortening axis that more closely parallels the Pacific plate
vector in the Miocene (groups 3 and 4). We do not attempt to constrain different ages for
the two faulting events, and opt instead to describe all faulting in terms of a single,
kinematically evolving Miocene event.
Faults included in the first episode of faulting display geometric and kinematic
heterogeneity, with top-to-the-east thrusts identified in exposures preserving S2 and S3
foliations, especially at Te Au Saddle stations 15AB-93 and 15AB-108 (Plate 1). Thrusts
in rock preserving S2 or S3 are largely foliation-parallel (Figs. 3.42, 3.43). In areas
dominated by S1, pseudotachylyte-bearing top-to-the-northwest and top-to-the-southeast
thrusts are prevalent, and parallel to S1, especially in granitoid gneiss (Fig. 3.39).
Although S1 and S2 are developed as gneissic foliations often with high quartz and
feldspar content, the alignment of micas in cleavage domains and the coalescence of
hydrous minerals such as hornblende may promote anisotropy reactivation. The differing
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attitudes of S1 compared to S2 and S3 in the field area may account for the kinematic
variability presented in Fig. 3.38f.
Anisotropy of foliated rocks has long been recognized as a cause for misoriented
faults (e.g. experiments by Donath, 1961, field-based studies by Beacom et al., 2001;
Giorgis, et al., 2006), and the presence of metamorphic foliations is likewise recognized
to have impacts at tectonic scales, localizing deformation into previously foliated zones
(e.g. D’Lemos et al., 1997; Butler, et al., 2007; Massironi et al., 2011). Moreover, we
note that kinematic incompatibility, or the misalignment of kinematic axes, between these
fault groups is relatively minor, with overlap between mean vector fits of extension axes,
and shortening axes between top-to-the-east and top-to-the-southeast thrusts differing by
~43° (Fig. 3.37f). We suggest then that faults groups 1 and 2, while kinematically
variable, are still compatible as a single episode.
We group the top-to-the-northeast reactivating faults with the group of valleycontrolling strike-slip faults based on strain compatibility between the reactivated thrusts
and the northeast-southwest trending dextral subvertical strike-slip fault population.
Marrett and Allmendinger (1990) define strain compatibility as a shared slip direction
between two or more faults coincident with the intersection of the fault planes. The strain
compatibility between reactivated faults and the northeast-southwest trending dextral
strike-slip fault sets is evaluated in Fig. 3.48. Slickenlines show some variation,
especially within the strike slip fault sets, but there is generally good agreement between
average fault planes and slickenline orientation. This agreement indicates that although
kinematic axes between the reactivated faults and steeply dipping strike-slip faults differ
significantly, the groups may be compatible at the scale of the field area.
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The two episodes of faulting in the field area truncate the population of
leucocratic pegmatite dikes, indicating that all faulting occurred after c. 99 Ma (Schwartz,
pers. comm. 2015). The first episode of faulting records dominantly dip-slip
displacements with northwest-southeast directed shortening. The second episode records
oblique-slip and strike-slip displacements with west/southwest-east/northeast directed
shortening. To further constrain timing of faulting, and the significance of its geometries,
it is beneficial to compare our faults to other fault populations in Fiordland, and to
consider how the tectonic environment has evolved since c. 99 Ma.
Extensional shear zones associated with orogenic collapse had begun operating in
Fiordland as early as 108 Ma (Scott and Cooper, 2006; Schwartz et al., 2016).
Additionally, it has been suggested that the widespread population of dikes in sections of
Fiordland, in some areas ranging in age from 105–97 Ma (Klepeis et al., 2013), are
related to a thermal pulse, potentially caused by processes related to extension, including
asthenospheric upwelling (Tulloch et al., 2009b) or delamination of a high-density arc
root (Schwartz et al., 2016). The widespread distribution of these dikes and their
association with extensional processes suggests that extension was well underway before
the formation of brittle and semi-brittle dip-slip and oblique-slip thrusts and strike-slip
faults in our field area.
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Figure 3.48. Strain compatibility of reactivation and strike slip faulting. The alignment of slickenlines
between populations at the approximate point of intersection of the fault planes suggests that the
faults, while their kinematic axes differ, are compatible within the same deformational setting.

Extension transitioned to dextral transtension in the middle Eocene, evidenced by
sedimentation in basins along the Moonlight Fault System adjacent to Fiordland and
elsewhere in onshore and offshore New Zealand (Norris et al., 1978, Turnbull et al.,
2010; King, 2000; Sutherland, 2006). Evidence of extension and transtension is also
found within Fiordland. Newman (2014) identified a transtensional fault system in
western central Fiordland compatible with crustal thinning and exhumation prior to the
initiation of subduction. This system was observed to be overprinted by faults compatible
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with a transpressional tectonic setting, including reactivation of the once transtensional
fault system. This cross-cutting relationship fits within the framework of transtension
operating until ~30-25 Ma in Fiordland, when major plate boundary reorganization
resulted in dextral strike-slip motion along the Alpine Fault and reactivation of the
Moonlight Fault System (Lebrun et al., 2003, Norris et al., 1978, Turnbull et al., 2010,
Furlong and Kemp, 2009). The cessation of transtension and initiation of strike-slip
movement is visualized with rapid southward migration of stage poles between 30 and 25
Ma, resulting in convergence and strike-slip movement starting in the north and
migrating southward (Furlong and Kamp, 2009; King, 2000).
The transition to a strike-slip dominated and eventually transpressional setting
agrees with the observations of basin inversion adjacent to Fiordland and reactivation of
the Moonlight fault as a reverse fault (Turnbull et al., 2010; King, 2000 Turnbull et al.,
1993; Norris and Turnbull, 1993; Sutherland et al., 2006; Furlong and Kemp, 2013;
House et al., 2002). Transpressional overprinting of the transtensional faults described by
Newman (2014) could potentially have occurred any time after the onset of strike-slip
movement between 30 and 25 Ma, although Newman (2014) favors a maximum age of
12-13 Ma, coinciding with K-Ar ages obtained by Claypool et al. (2002) related to
dextral strike-slip faulting.
Other fault systems compatible with a transpressional tectonic regime include the
formation of the Straight River Shear Zone (King et al., 2008), and faulting proximal to
the Anita Shear Zone in northern Fiordland (Claypool et al., 2002). King et al. (2008)
recognized the Straight River Shear Zone as being composed of highly partitioned
contractional and strike slip structures, developing from the progressive folding and
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steepening of inherited foliations into high strain zones and culminating in conjugate
faults and thrusts recording shortening at high angles to its boundaries. King et al. (2008)
notes geometric, kinematic, and temporal similarities between the Straight River Shear
Zone, the Anita Shear Zone and offshore segments of the Alpine Fault, concluding That
the most recent activity along the former worked to accommodate an amount of
shortening along the Alpine fault during the late Tertiary. Work by Claypool et al. (2002)
adjacent to the Anita Shear Zone is consistent with work by Newman (2014) and King et
al. (2008). Claypool et al. (2002) show that a high degree of strike-slip partitioning is
accommodated east of the Alpine fault in northern Fiordland into positive flower
structures and subhorizontal detachments, where movement within the Alpine Fault Zone
itself is near horizontal on subvertical surfaces.
Of the 159 field stations visited by UVM geologists in the field area presented in
Plate 1, only one station showed apparent normal faulting and folding of pegmatite dikes
attributed to D4. At all other stations with faults, the faults are instead described as dipslip and oblique-slip thrusts and strike-slip faults. The above tectonic description outlines
good evidence of strike-slip, contractional, and transpressional deformation starting by
~30-25 Ma (Furlong and Kemp, 2009, 2013), and we therefore opt for a maximum age of
faulting in our field area within this time frame. This age range also agrees with two
unpublished
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Ar/39Ar ages from L. Webb (pers. comm., 2016). Two pseudotachylyte

samples were dated using
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Ar/39Ar step heating; one sample (from Station 05-02-04)

yielded a loss profile with a minimum age of c. 20 Ma, and another sample (from Station
15AB-22) yielded an age of c. 7 Ma. We do not use these data as the basis for
interpreting the significance and age of faulting, but they do support our conclusion of
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faulting being Oligocene or younger.
During the transition from transtension to transpression, when deformation was
dominantly strike-slip on Fiordland-bounding faults, a component of fault-normal
deformation also occurred, and has been recognized by workers including Norris and
Turnbull (1993), Sutherland and Melhuish (2000), Turnbull and Uruski (1993), and
Walcott (1998). They have constrained this amount of shortening to between 5 and 20 km
based on reconstructions of basin cross sections east of Fiordland. Within Fiordland,
however, there is comparatively little information on how much shortening has occurred
on faults. Sutherland et al. (2009) conducted a thermochronologic study to model the
evolution of uplift in Fiordland. Their results show a northward progression of uplift,
with greatest rates in western-central Fiordland from 15 to 5 Ma related to dynamic uplift
from subduction beneath Fiordland. Because the authors found greater than expected
values of exhumation caused by dynamic uplift alone in western Fiordland, they conclude
that a significant component of crustal shortening has also contributed to exhumation,
some of which may have occurred during the Miocene. Additionally, Sutherland et al.
(2009) note that their interpretations of uplift amounts are complicated by ‘geological
noise’, potentially in the form of numerous closely spaced faults with small (<2 km)
displacements and associated folds. This is qualitatively similar to our field area (Fig.
3.10), suggesting that parameters of the model proposed by Sutherland et al. (2009) are
reasonable, and that similar closely spaced reverse faults may be prevalent elsewhere in
Fiordland.
With the transition from a transtensional to transpressional tectonic regime
operating by 26 Ma (Furlong and Kemp, 2013), we consider the 20 and 7 Ma ages of
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faulting in our field area to be reasonable, generally agreeing with ages obtained by
Claypool et al., (2002) for faulting between 12 and 13 Ma, and ages obtained by Nathan
et al., (2000) for faulting between 7 and 9 Ma. This scenario then suggests that our field
area is in some ways similar to areas described by Newman (2014), King et al. (2008),
and Claypool et al. (2002), where are a high degree of partitioning is accommodated
away from a Fiordland-bounding fault. In our case, the first episode of faulting in our
field area is potentially an earlier example, showing that a large component of thrust
faulting at a high angle to the plate boundary could have been accommodated within the
Fiordland block while the Moonlight and Alpine faults were accommodating strike-slip
movement.
The second episode of faulting is kinematically distinct from the first, with a
predicted shortening axis trending 076°. Based on Euler poles presented by Lebrun et al.
(2003) and Furlong and Kemp (2009) from paleomagnetic work by Cande and Stock
(2004), movement along Fiordland-bounding faults was almost entirely strike-slip in the
early Miocene. Convergence increased as Euler poles continued to migrate southward in
the late Miocene at ~10 Ma, coincident with increased uplift in Fiordland (House et al.,
2002; Walcott, 1998). Relative to a fixed Australian plate boundary, the Pacific plate has
been moving west-southwest, with calculated azimuths for current convergence varying
between 064° and 071° (Beavan et al., 2002, Cande and Stock, 2004, DeMets et al.,
2010; DeMets et al., 1994). These azimuths are sub parallel to the 076° trending
shortening axis predicted by our strike-slip and reactivating fault sets. The agreement
does not necessarily mean that the second episode of faulting is significantly younger
than the first, but it does suggest that faulting in our field area could have responded to a
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changing strain environment where maximum shortening rotated counterclockwise to be
oblique to the plate boundary. While deformation is still localized onto discrete fault
surfaces, the agreement between vectors suggests that, at least in our field area, kinematic
partitioning of thrust and strike-slip components of deformation is reduced compared to
the earlier episode of faulting. Although we have not rigorously used
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Ar/39Ar to

determine absolute ages of each fault population, the similar textural characteristics of all
fault populations presented in subsection 3.4.6 are suggestive of comparable formation
conditions under a single, kinematically evolving, deformation event.
A final remark on D4-associated deformation in our field area relates back to the
study by Sutherland et al. (2009). We suggest the possibility that faults in our field have
facilitated the localization of exhumation to western Fiordland. This idea is mentioned by
Turnbull et al. (2010) based on the observation that the majority of late Cenozoic uplift is
concentrated west of the major intra-Fiordland faults such as the Spey-Mica Burn fault
system. Faults in our field area are approximately along-strike of the Spey-Mica Burn
system (Fig. 3.2), and both areas parallel a boundary where uplift amounts between 26
and 0 Ma calculated by Sutherland et al. (2009) abruptly transition from 10-15 km to ~7
km. According to the model presented by Sutherland et al. (2009), the greatest uplift rates
in western Fiordland occurred between 15 and 5 Ma (cf. Sutherland et al., 2009, Fig.
11B, C) suggesting that some reverse faults in our field area may have been active during
this time. This age range agrees with ages calculated by Claypool at al. (2002) and
Nathan et al. (2000), and could allow for continued displacement of the Misty pluton over
its host rocks, further shuffling exposures of D2-associated deformation.
We argue that the dominant thrust sense of the earliest faults in our field area is
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consistent with kinematic partitioning of contractional deformation away from
dominantly strike-slip northeast-trending Fiordland-bounding faults. We acknowledge
that the thrusts, especially those northwest-southeast trending instantaneous shortening
axes, are not oriented preferentially for the modern dextral transpressive system. We
propose that thrusting at high angles to strike-slip deformation observed along the
margins of Fiordland represents a previously unrecognized component of shortening
consistent with an overall dextral transpressive plate boundary, similar to structures
recognized by Newman (2014), Claypool et al. (2002), and King et al. (2008). The minor
kinematic differences between thrust populations may be attributed to anisotropy
reactivation of Cretaceous and older foliations. A second episode of faulting with strikeslip and oblique-slip displacements is also compatible with dextral transpression, but
preserves a shortening axis more closely aligned with the Pacific plate vector. This
agreement between vectors suggests that, at least in our field area, partitioning of thrust
and strike-slip components of deformation is reduced compared to the earlier episode of
faulting.
3.6. Conclusions
The geologic maps and profiles of our small field area in inland central Fiordland
were the products of detailed mapping of both structures and lithologies. A consequence
of this work has been an expansion of the understanding of Fiordland’s lithologic
architecture. Rock descriptions over the scale of our field area in conjunction with
supplementary, unpublished geochronology data allowed us to subdivide the Irene
Complex into distinct units. As a part of this, we mapped new exposures of the Jaquiery
granitoid gneiss. Rocks of the Jaquiery suite are some of the oldest intrusives hosted by
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the Takaka terrane, and our findings suggest that this early magmatism is more expansive
than previously recognized. We also mapped a new exposure of the Separation Point
Suite, and unpublished geochronology placed a new minimum age on intrusion of this
suite within Fiordland. Like observations on the structures in our field area, expanded
documentation of the timing and distribution of magmatism is necessary for more fully
understanding how continental arcs grow and evolve.
The same maps and profiles also communicate the history of deformation
associated with magmatism and metamorphism, consisting of a four-phase sequence.
These phases include: widespread, polyphase Paleozoic deformation, metamorphism, and
magmatism during convergence and the growth of the Gondwana-margin arc (D1); synmagmatic Early Cretaceous sinistral transpression (D2); localized (ultra)mylonitic shear
zones formed during either extensional orogenic collapse or as a precursor to Tertiary
faulting (D3); and a series of Tertiary brittle and semi-brittle faults representing
contractional components of deformation coeval with movement along the Alpine and
Moonlight faults (D4). In this Paleozoic–Tertiary history, structural inheritance and
reactivation of preexisting structures is a common theme, and is shown to be a control on
the distribution, geometry, and kinematics of younger structures; localizing deformation
along lithologic contacts, parallel to foliations, and along pre-existing faults.
Of the structures formed during D1-D4, S1/L1, while extensively modified during
D2, preserves a portion of Fiordland’s Paleozoic tectonic history prior to emplacement of
the Cozette pluton. Exposures of the Irene Complex display S1/L1 as a gneissic layering
that set the stage for a history of reactivation during younger deformation events. Our
interpretation of D2 includes recognition of a regionally extensive system of partitioned
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transpression coeval with emplacement of the Misty pluton. The MSZ is unique among
WFO-deforming, Cretaceous transpressional features in Fiordland in that it was
accommodating highly oblique, arc-parallel displacements localized on the margin of the
sheeted Misty pluton during WFO emplacement, instead of after. The GSSZ and ICSZ
deform the WFO, but are entirely post-magmatic. The GMZ in eastern Fiordland is the
only other major shear zone interpreted to preserve syn-magmatic deformation, but it is
located at mid-upper crustal levels distal to the WFO. The syn-magmatic timing of the
MSZ has implications for mechanisms for emplacement of the WFO, suggesting a
relationship between tectonically-controlled crustal thickening and high-flux magmatism
between 118 and 115 Ma, prior to extensional orogenic collapse. The deformation
recorded in the SABT and north of Te Au saddle is localized within the previously
deformed and weaker gneisses and schists of the Irene Complex and in the Robin gneiss.
Taken together, the MSZ, SABT, TASSZ, and other Early Cretaceous transpressional
structures in Fiordland record a history of crustal thickening that, in the case of the MSZ,
facilitated melt transport through the mid-lower crust of a continental arc during a magma
flare-up.
Widespread leucocratic pegmatite dike emplacement cross cutting all secondphase structures is consistent with observations elsewhere in Fiordland where dikes are
syn-tectonic with respect to extensional shear zones (post-D2). Newly-identified
(ultra)mylonitic greenschist-facies shear zones (D3) deform S2 in the MSZ and TASSZ,
but their significance remains somewhat enigmatic. Sinistral-normal movement along
these structures could represent a new oblique extensional shear zone system coeval with
major extensional structures including the Mount Irene, Doubtful Sound and Resolution
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Island shear zones. Alternatively, the shear zones could represent a precursor to the faults
that consistently reactivate them. Fault-slip analysis of a Tertiary brittle fault system (D4)
indicates formation in a dextral transpressive setting, reactivating structures formed
during D1-3. This is compatible with kinematic partitioning of contractional dip-slip and
oblique-slip deformation into the Fiordland interior, away from the major strike-slip,
Fiordland-bounding Alpine and Moonlight fault systems. The significance of this result is
that these previously unrecognized contractional structures accommodate strain between
the two major active strands of the modern Australia-Pacific plate boundary bounding
Fiordland.

193

Chapter 4: SUMMARY AND FUTURE WORK
While our results support the prevailing ideas regarding the timing, style, and
tectonic significance of deformational events in Fiordland, our field-based study also
enriches the current body of knowledge. We provide detailed structural results from a
new field location, identifying new exposures of lithologic units, as well as new
structures associated with both Early Cretaceous transpressional deformation and Tertiary
brittle and semi-brittle faulting. The presentation of our results in maps, geologic profiles,
and stereonet summaries makes for the accessible comparison of our results with other
structures in Fiordland.
4.1. Summary and importance
A small region of inland central Fiordland preserves assemblages of
metasedimentary

and

metaigneous

rocks

deposited,

intruded,

and

ultimately

metamorphosed and deformed during the growth of a Gondwana-margin continental arc
between the Cambrian and Early Cretaceous. Growth of the Late Devonian–Early
Cretaceous Median Batholith, a belt of intrusive rock preserving evidence of arc
magmatism, culminated with the emplacement of the WFO into the middle and lower
crust of the continental margin. After this flare-up, the margin experienced extensional
orogenic collapse and rifting during the Late Cretaceous. The arc then recorded oblique
convergence during the Late Tertiary, representing deformation that eventually led to
formation of the Alpine fault. The protracted history of arc growth and its record of
changing tectonic and deformational regimes makes the area ideal for the study of
structural reactivation during multiple cycles of magmatism, metamorphism and
deformation, including during a mid-lower crust magma flare-up.
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Locally, the significance of this work is most strongly related to conclusions
about structures formed during D2 and D4. The MSZ, SABT, and TASSZ are all newlydescribed structures, and the MSZ in particular contributes to the current understanding
of how the Misty pluton was emplaced. Arc-oblique displacements along the MSZ
occurred during emplacement of the Misty pluton, rather than after emplacement. The
synmagmatic operation of the MSZ suggests that other synmagmatic shear zones may
have been active, but have since been obliterated by structures like the GSSZ and ICSZ,
which transect the WFO and in places also parallel WFO margin north of our field area.
The identification of a system of Tertiary brittle and semi-brittle reverse-slip,
oblique-slip, and strike-slip faults suggests that deformation related to the formation and
activity of the Alpine fault is widespread in Fiordland. Results of fault-slip analysis show
that older structures, including foliations, shear zones, intrusive contacts, and older faults
all work to localize deformation associated with D4. The geometry and kinematics of
faults in our field area are consistent with the kinematic partitioning of dominantly
reverse and oblique displacements into the Fiordland interior and away from the region’s
major bounding faults. These conclusions are consistent with those proposed by other
authors (e.g. Sutherland et al., 2009; Newman, 2014; King et al., 2008; Claypool et al.,
2002; Turnbull et al., 2010), and also indicate that Fiordland should not be considered as
a single rigid crystalline block during Tertiary deformation.
The structural and lithologic mapping completed during this study also has
significance. The identification of new exposures of the Jaquiery granitoid gneiss implies
that the limited extent of the formation is an underestimate, and that some of the earliest
intrusives identified in Fiordland compose a more significant portion of the Takaka
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terrane than previously realized.
From a topical perspective, this study improves the understanding of how
reactivation occurs in continental arcs at mid-lower crustal levels. Foliations are
reactivated during D2, and gneissic S2/L2 rock fabrics are reactivated by localized S3/L3
(ultra)mylonitic shear zones. Tertiary faulting then reactivates structure formed during
D1-D3, as well as intrusive contacts. These results indicate that reactivation of mid-lower
crustal sections of continental arcs is a common process, and that it can occur throughout
the lifecycle of an arc.
Importantly, this study also sheds light on how flare-ups happen in the middle and
lower crust. In the case of Fiordland, partitioned transpression accompanied, and possibly
facilitated, the emplacement of the Misty pluton as part of a magma flare-up.
Transpression is known to accompany magmatism in arc settings (e.g. Saint Blanquat et
al., 1998), and crustal thickening in forearc and backarc regions is a proposed internal
trigger for flare-ups (DeCelles et al., 2009). However, this study is unique in that it shows
that crustal thickening due to partitioned transpression at mid–lower crustal levels is a
viable trigger for a magma flare-up.
4.2. Suggestions for future study
The broad scope of this project results in a considerable number of suggestions
for future work in the area. Our field area and immediately adjacent regions would best
serve studies focused on: 1) better understanding the geologic history prior to
commencement of Cretaceous high-flux magmatism and transpressional deformation; 2)
determining the geometry and extent of Cretaceous shear zones, and the timing of their
formation relative to high-flux magmatism of the WFO; and 3) controls on the geometry
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and location of Tertiary brittle and semi-brittle faults.
More specifically, our findings of a new exposure of Jaquiery suite suggest the
extent of Cambrian-Ordovician plutons may be more extensive than previously
recognized. Detailed mapping and targeted geochronology studies in additional exposures
of Irene Complex and Takaka Terrane correlatives may reveal more instances of early
Paleozoic plutonism, an essential task for continuing to unravel the earliest portions of
Fiordland’s lithotectonic history. The abundance of metasedimentary rocks also could
help to describe the pre-Cretaceous metamorphic history in our field area. We present
good evidence of an S1 composite foliation associated with two groups of mineral
lineations, a consistent sequence of mineral growth, and internal foliations in some
garnets. A geochemical study of D1-associated minerals, similar to those undertaken by
Daczko, at al. (2009) and Bradshaw (1991), would help to document the extent of
Cretaceous overprinting at the margins of the WFO, and potentially shed light on the
extent of metastable persistence of Paleozoic mineral assemblages in the area. This has
possible implications for the interpretations made by Scott and Cooper (2006) about
differing metamorphic histories between the Robin Gneiss and the Irene Complex in the
area of Mount Irene.
For researchers concerned with Fiordland’s Cretaceous history, this project may
motivate new studies related to the relationship and relative timing between
transpressional deformation and high-flux emplacement of the WFO. To better complete
our picture of the MSZ and how it relates to Misty pluton emplacement, we would like to
see a detailed study of deformation farther west from the Misty pluton’s eastern contact at
Camp 2 and Coronation Saddle. Conducting east-west transects into the Misty pluton
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with high sample density would allow someone to identify the true western extent of the
MSZ and to describe the gradient of S2 development in more than one location.
Additionally, sampling for geochronology at these stations could help to define the
sheeted nature of the Misty pluton in an effort to determine age differences between
pre/syn-tectonic and post-tectonic sheets. Similarly, our study fails to identify the eastern
extent of F2 folding with arc-normal displacements. We would like to see a study
completed that maps the extent of F2 folds and subhorizontal S2, perhaps as far east as the
western margin of the West Arm Leucogranite, including the Omaki orthogneiss. This
exercise, in addition to defining the eastern extent of D2-associated deformation, could
prove useful in locating an unfaulted transition between northwest-vergent F2 folds and
flat-lying S2.
Potential studies related to brittle and semi-brittle faulting in our field area are
numerous. Specifically, we suggest that while documenting the extent of D2-associated
structures, that researchers document the geometry, kinematics and textural
characteristics of any cross-cutting faults. Our field data suggest a relationship between
fault geometry and preexisting D1-3-associated anisotropies, but a more robust dataset will
allow for better characterization of fault populations and to make better comparisons with
other potentially Alpine-related fault sets (e.g. Claypool et al., 2002).
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Appendices
Appendix A: Methods in constructing geologic profiles
The geologic profiles presented in this thesis constitute a significant portion of my
results; representing newly described geometries and cross-cutting relationships of
intrusives, shear zones, and faults in central Fiordland, and as such, details of their
construction are worth including here. Like the geologic map in Plate 1, the
corresponding cross sections represent large areas that could not all be directly observed
by our field party, necessitating an amount of interpretation to show the geology between
stations and with depth. Interpretations made during the construction of these cross
sections utilize all varieties of data available, including: measurements, outcrop and
landscape photographs and sketches, written notes, observed gradients in foliation
intensity, thin section characteristics, and satellite imagery. Profile construction is an
iterative process with this many data sources, but the first steps were the same for all
profiles.
After digitizing all structural measurements from the field party’s notebooks, I
generated one stereonet file per field station, and selected a best fit measurement for each
generation of structure, including metamorphic foliations, mineral lineations, boudin
necks, fold axes, axial planes, fault planes, and slickenlines. Where sites displayed
multiple foliation orientations, I selected representative measurements from each
orientation (e.g. one measurement from each fold limb). I then plotted chosen
measurements on their corresponding station on the map, and projected along strike to
meet the line of section at the elevation recorded by the GPS unit used in the field.
Measurements were not projected across faults or shear zones, and they were projected
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up or down dip where they were nearly parallel to the line of section. In cases where a
foliation was interpreted to be related to a fault or shear zone, the measurement was
projected along the fault instead of the strike of the foliation. In rare cases, foliations
were combined to make a calculated fold axis, and that axis was projected up/down
plunge to reach the nearest line of section. Lithologic contacts, faults, and foliation
trajectories were then added to profiles, as well as symbology to describe the
displacements of various structures. A partially complete version of a profile is included
below (Fig. A.1) to display how raw measurements were used to interpret structures in
the

final

profiles
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(Figs.

3.4-3.9).
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Appendix B: Unifying maps and cross sections with fence and block diagrams
B.1. Setting up a manageable QMAP database, dealing with field data, and
making maps
Introduction: The purpose of this document is to provide the background necessary to
get started with the GNS Fiordland QMAP data in ArcGIS. Much of what’s covered here
is targeted at individuals with limited GIS experience, but there are helpful tips and some
review points for more frequent GIS users. This isn’t an exhaustive guide, and if there’s
something you want to be able to do, or to learn more about, the ESRI website is a great
resource. Also note that in ArcGIS, there are usually at least a few different ways to
accomplish the same thing. The methods presented here are just the ones that I find to be
the most intuitive.
Thoughts on ArcGIS, Bootcamp, Parallels: As a student, you have access to the newest
version of ArcGIS while enrolled at UVM- Take advantage! If you use Apple products,
you can still use Arc if you enable Bootcamp or purchase software such as Parallels.
Parallels offers a student discount, and the software allows you to operate Mac OS and
Windows simultaneously, on separate monitors if you’d like. In either case, you will need
to purchase a copy of Windows. Windows 7 works well, and the OEM version is a bit
more affordable. Check ESRI for Windows system requirements.
Using QMAP: The QMAP dataset is available for download on Keith’s lab drive.
Download the entire dataset, and save it in a parent folder somewhere out of the way.
There’s no need to open the folder outside of ArcMap or ArcCatalog, since each
shapefile has several component files, and messing with them can corrupt the entire
shapefile.
Once you open ArcCatalog, connect to the folder(
)that contains the QMAP data.
Make a new folder within the parent folder and copy the QMAP database into it. Now
you have an original copy on the lab drive, an original copy on your computer, and a
working copy on your computer. This makes sense if you bungle a shapefile to the extent
that you want to start over with an original copy.
Isolating QMAP files, setting up a geodatabase: Now that you have a dedicated
working copy, you will want to explore the data for shapefiles and rasters that will be
useful. Click on a file in ArcCatalog, and click the ‘Preview’ tab to view it, or right-click
the file and select properties to see what types of data are available for each feature. Note
that all data are projected using New Zealand Map Grid (NZMG), referencing the New
Zealand 1949 datum. At a bare minimum, you will want to have access to:
o dem > dtm, shademodel
o shapefiles > faults.shp, geol_u_l.shp, geol_u_p.shp, horizons.shp, structur.shp
o images > map.jpg
As you get an idea of what data you need, you will want to house your files in a more
robust format. Use a file geodatabase (.gdb) (Fig. B.1) Give your file geodatabase a
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name, then right-click it, and select to import the file types that you want (Fig. B.2).

Figure. B.1. Creating a file geodatabase

Figure. B.2. Importing files into a geodatabase

Modifying or grouping features: So your .gdb has some great QMAP data in it. What
now? You may have previewed your feature classes in ArcCatalog, but now you want to
dive into the data a bit further. You’re ready to make a map, so go ahead and open up
ArcMap. Click the ‘Add Data’ button, and add whatever you want. You’ll probably want
to work with the ‘geol_u_p’ feature class in your .gdb, so add at least that. It should load
into your map document and appear in your table of contents. What follows is a common
scenario with these sorts of giant QMAP feature classes:
You’ve got all of these polygons, but they all look the same, and you only care
about certain units (the Misty pluton, for example). You want to isolate only the Misty
pluton so you can color it differently, find its area, whatever. To isolate one unit, open the
feature class’ attribute table (right click it in
the table of contents, and click ‘open
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attribute table’. Behold, data! Take it all in, and eventually migrate towards the
‘STRAT_UNIT’ field. This is where QMAP folks documented formation names. There
are many. To select only ‘Misty pluton’ polygons, go to ‘table options’ (
), and
click ‘select by attributes’. In this example, we’ll then write the dead simple expression
STRAT_UNIT = ‘Misty Pluton’. If you’re not sure what the spelling/capitalization of
your lithologic unit is, you can click ‘Get unique values’ to see all possible
STRAT_UNIT attributes while writing your expression. Apply your expression, and then
close the dialog box. Close the attribute table. All Misty pluton polygons are now
selected, highlighted in a teal color. To export these data to their own Misty pluton
feature class, right-click the ‘geol_u_p’ feature class in the table of contents, hover over
‘Data’, and click ‘Export Data…’. Export selected features (Misty!), and keep the
coordinate system the same as the source data. Save your new file right into your working
QMAP dataset as a shapefile, maybe in its own subfolder for all of the shapefiles you
generate. Next import it into your .gdb, and add it to your map. You can make more
complicated expressions to select multiple attributes if you want. For example:
STRAT_UNIT = 'Worsley Pluton' OR STRAT_UNIT = 'Misty Pluton cumulate' OR
STRAT_UNIT = 'Misty Pluton' OR STRAT_UNIT = 'Malaspina Pluton' to select much
of the WFO. That said, there are fields that already contain that information
(SEQUENCE, TERRANE). Use ESRI help to learn more about building SQL
expressions.
Adding graticules, scale, north arrow: Maps have coordinate data, and to make sure
your final Adobe Illustrator map has accurate coordinate data, you will need to add it to
your .mxd file in ArcMap. To do this, right click on your data frame in your map’s table
of contents (
), and click on ‘properties’. From there, click on the ‘Grids’ tab, and
add a new grid. Select ‘Graticule’, and designate how you want to represent degrees
(decimal degrees, minutes and seconds, etc.). Once your graticules display on your map,
you may realize with some amount of horror that they are not parallel to your page.
Remember the wonky QMAP projection! NZMG is a projected coordinate system, so
when you tell Arc to display graticules with geographic units, the projection becomes
clear. This is cool, don’t go into a tail spin.
As a check, add a north arrow (Insert > North arrow). Under ‘properties’, choose to align
to true north, since that’s what your graticules reference. The north arrow should appear
rotated a few degrees west of north. Add a scale bar too (Insert > Scale Bar)
NOTE, so important: Don’t forget about the rotation of data when projected into NZMG.
Once you get your map into Adobe Illustrator (see below), measure the magnitude of the
rotation, and write it down. You need to rotate all data that go on your map by this
amount (strikes, trends). This is also relevant when determining trend for lines of
section. It may only be a few degrees, but it’s part of due care of your data presentation.
Creating topo contours: Creating topo contours from the QMAP dtm will improve
display of your map. To do this, enable the 3D analyst toolbox by right-clicking toolbox,
and selecting ‘add toolbox…’. Once added, navigate to: 3D Analyst Tools>Raster
Surface>Contour, and make some contours! The fields are all self-explanatory.
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To modify the display of your contours (this tip applies to all vector data), right-click the
feature class in your table of contents, select ‘properties’, and then the ‘symbology’ tab.
Click ‘Categories>Unique values’ under the ‘show:’ section, and use ‘contour’ as the
value field. From there, you can add values and edit their display. This is useful if you
want to distinguish certain contours from others, like making 100m contours thicker, and
20m contours thinner. You could also simply export another contour feature class and
increase the interval to 100m, and make all hundred-meter contours draw with a thick
line at the same time.
Importing field data: To import your GPS data points, you’ll want to have them in a
neat .xls sheet (not .xlsx). Use a single row as the header, and keep all subsequent rows
for data. You can save many extra columns with notes on lithology, etc. To import into
ArcMap, use the ‘Make XY Event Layer’ tool (Data Management Tools > Layers and
Table Views > Make XY Event Layer). The last field in the dialog box asks for you to
define the spatial reference of your GPS points. This is very important! Select the
appropriate coordinate system (probably WGS84), and add your layer to your map. Now,
your points are in a layer format, which is only a reference to the actual excel data. To
create a standalone shapefile, export the layer file in the same way you did for your Misty
pluton selection. Again, import your new shapefile into your .gdb.
Projecting field data: Your shapefile of GPS points might display just fine on your map,
but don’t be fooled! It’s Projecting on-the-fly to display in your map document, but it’s
still holding on to its original coordinate system. Out with the old, in with the new- it’s
time to project your sample points! Use the ‘Project’ tool (Data Management Tools >
Projections and Transformations > Project). Select your input feature class and its input
coordinate system, name your output feature class, and select New Zealand Map Grid as
the output coordinate system (Projected Coordinate Systems > National Grids > New
Zealand > New Zealand Map Grid). Run the projection, and you should be good to go.
Everything will look exactly the same, but now your sample sites have the same
coordinate data as the rest of the QMAP data.
Exporting maps to Illustrator:
Use Bookmarks if you want to export multiple versions of your map throughout duration
of the project. This way, you don’t have to worry about realigning the extent in your data
frame after editing. The bookmark menu is located at the top of the ArcMap window, and
all bookmarks will be stored there once created. When you’re ready to export your map,
make sure all the layers you want to export are checked/visible. Go to the main menu,
and select File > Export Map. Save your map as an AI file somewhere like your desktop,
out of the GIS folder. Keep output image quality high, and format so that layers are
vectorized, and marker symbols are converted to polygons.
This tutorial doesn’t cover illustrator use—ask Keith. That said, be aware that layers
exported from Arc to Illustrator are grouped multiple times for no apparent reason
(ungroup as needed), and they all have clipping masks applied that hide data between the
data frame and page/artboard margins. This is particularly helpful for objects like
geologic units and contours, but they are unnecessary for sample sites, since they are
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already wholly contained in the data frame. Delete them as needed. Also be aware that
you might encounter compound paths, where a filled polygon has a ‘hole’ in it. You can
release these to edit as necessary, or delete them to simplify display.
Outside of the above notes, my only suggestion would be to learn Illustrator keyboard
shortcuts, and to designate your own for the most used tools, such as ‘rotate’ and ‘scale’.
Exporting data to Google Earth: To view sample sites, or any other feature class in
Google Earth Pro (upgrade for free), you can export your data out of ArcGIS. To get
started, you will need to convert your feature class of sample sites to a layer (.lyr) file.
Use the ‘Make Feature Layer’ tool (Data Management Tools > Layers and Table Views >
Make Feature Layer). Then, use the ‘Layer to KML’ tool (Conversion Tools > To KML
> Layer to KML). Save your .kml output to your desktop so you don’t have to rummage
through the GIS folders to open it in Google Earth. In Google Earth, you can load the
.kml and edit display as necessary.
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B.2. Extracting topographic profiles from ArcGIS and scaling in Illustrator CS4
To create topographic profiles in ArcGIS, you will need access to a raster that has
elevation values and a shapefile containing 3D polyline data for your profile(s). You also
will need to enable the 3D Analyst toolbox within Arc to create profiles.
Arc+Excel:
1. Use the editing function within Arc to create a feature class containing polyline data
representing your line(s) of section.
2. Within the 3D analyst toolbox, navigate to the ‘Interpolate Shape’ tool (3D Analyst
Tools > Functional Surface > Interpolate Shape).
Input surface is the raster or other dataset containing z-values that you want
to apply to your line(s) of section. Input feature class is the polyline feature
that you just created. Name your output feature class. Leave sampling distance
blank, and leave Z factor as 1. Your new file will look the same as the polyline
data you created in editor, but it will have elevation data associated with it.
3. To create your topographic profile, you need to select the 3D polyline that you just
created. If you have multiple lines of section within this file, you need to select them one
at a time within the attribute table.
4. Within the 3D analyst toolbar, use the dropdown menu to select your elevation raster
as the 3D analyst layer. Now use the profile graph tool in the toolbar to create a
topographic profile.
5. This graph doesn’t have a set vertical exaggeration, so you will need to export its X
and Y data so that you can scale it using Illustrator. Right-click the graph and select
‘export’. Select the ‘data’ tab, and export in ‘excel’ format.
*Note: The profile draws left to right depending on how you drew the line of section. Just
be aware of this if you notice that the profile is a mirror image of what you were
expecting. You can reflect it in Illustrator, so no worries. *
6. Open in excel, and resave as a text tab delimited file. If your horizontal and vertical
units of measurement are not the same for some reason such at the projection you used,
this is where you will want to apply a formula to convert.
Illustrator:
1. Within illustrator, use the graph tool to import your .txt file. Select the ‘Scatter Graph’
option, and confirm that x and y values are plotting on the correct axes. The X values for
your profile are the same as the units associated with the resolution of your raster data,
and the Y values are simply the elevation values from your raster. These values do not
necessarily have to be the same units. Go back to excel to apply a conversion if
necessary.
2. Format your graph by right clicking and using the options to set the number of
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divisions, the draw settings of the profile, etc.
3. Open your exported map document to determine the length of your section lines within
illustrator (ex. points, pixels, centimeters). Compare this value to the length of your
profile in ground units (within the data section of your graph). This is where you decide if
you want them to match 1:1 or to enlarge the profiles by a certain percent.
4. Make sure nothing outside the borders of your graph is selected, and scale accordingly.
Alter within illustrator as needed.
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B.3. Converting GRID Rasters to surfaces in Sketchup
This document serves to guide the reader through importing raster elevation data in
GRID format from ArcGIS into sketchup, with the end goal of using the terrain for a
block model. Some of the steps are a bit clunky, but everything can be accomplished by
your average shade tree GIS user. First, a few notes:
1) You’ll need to do some prep work in both Arc and Sketchup:
-Enable the Spatial Analyst toolbox in Arc
-Download and install the Excel and CSV Conversion toolbox, available at:
http://www.arcgis.com/home/item.html?id=f3d91b8f852042e289e09a7ec8342431.
-Download and install the ruby Cloud v8 plugin, available at:
http://rhin.crai.archi.fr/rld/plugin_details.php?id=777.
2) This guide was developed for use with ArcGIS 10 and Google Sketchup 8 utilizing the
ruby Cloud v8 plugin. At the time this tutorial was written, a cloud script was not
available for Sketchup 15.
3) Sketchup can already import .dem files; the workflow in this tutorial allows for other
raster formats such as GRID and ERDAS Imagine to be imported into Sketchup. For
areas where high-resolution SRTM data are not available, this is an attractive option. If
you already have a .dem, read no further and consider yourself lucky!
4) Other options not explored in this walkthrough, but worth investigating:
-The use of LATTICEDEM command in Arc/Info: can convert a GRID to a
USGS DEM. Some folks have had trouble with this method, reporting that Sketchup has
failed to load these converted .dem files. ESRI lists LATTICEDEM as unavailable
(http://resources.esri.com/help/9.3/geoprocessing/pdf/arcinfo_commands.pdf)
-GDAL TRANSLATE: The Geospatial Data Abstraction Library provides code
for translating from one raster format to another, allowing for resampling, subsetting, and
rescaling if the operator chooses. Information is available at
(http://www.gdal.org/gdal_translate.html).
5) Sketchup Plugins have existed for ArcGIS in the past that allow for TINs to be
exported out of arc and into Sketchup. At this point, no plugin is available, but be on the
lookout!
And now for the walkthrough:
ArcMAP
1) Open your raster in ArcMap. If you would like to create a subset of your raster,
use the clip tool (Tools>Data Management Tools>Raster>Raster
Processing>Clip). You can clip according to a feature class or by bounding
coordinates. Alternatively, if you already have a map document and you want
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your polygon to be the same size, you can clip against the data frame of your map
document by right-clicking your raster in the table of contents, hovering over
‘data’, and clicking ‘Export Data…’. Check ‘Data Frame’ under the ‘Extent’
section. Pay attention to the spatial reference selection, and the file format. Cell
size should be the same as your source raster. (Fig. B.3) Save your new raster, and
add it to your map file. You may notice some misalignment of cells between old
and new rasters, but this is very minor. Minor misalignments may be related to the
environment settings, which can’t be changed in this window.

Figure. B.3. Exporting a subset of your raster based on data frame extent. Note that you can select
a value for ‘NoData’ cells here as well.

If you need to create a new polygon instead of using a data frame or preexisting
polygon (e.g. a geologic unit), there is no shortage of free information on using
the editing features in ArcMap. Once you have a polygon you like, got to the
clip tool and input your raster. Input your polygon as your output extent, and
check “use input features as clipping extent” if you want your output raster to
have the same shape as your clipping feature (polygon). Leave “Maintain
clipping extent” unchecked if you want to keep cell alignment the same as your
input raster (you do). Also, set your Raster Analysis and Processing Extent
environments accordingly.
2) If you have cells classified as ‘NoData’ (possibly cells at sea level, as shown in
Fig. B.4) and you would like to give them an elevation value, you can use the
raster calculator (Spatial Analyst Tools>Map Algebra>Raster Calculator). You
may need to execute this tool from ArcMap instead of ArcCatalog to get your
clipped raster to display as an option. See Fig. B.5 for an example formula to
change only ‘NoData’ values. Formula is written as:
Con(IsNull(“malaspinaclip”), 0, “malaspinaclip”)
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Figure. B.4. Portion of Malaspina pluton clipped against an irregular polygon. Note that all fiords
display as ‘no data’. If imported to Sketchup, they will end up as holes in the terrain (bad news- it
will be very messy, with lots of extraneous surfaces).

Figure. B.5. Conditional formula for changing ‘NoData’ values. In this case, the new value is 0.
This can also be done within the ‘Export Data…’ option when you first export a subset of your
original raster, but I haven’t tried it.

3) Now your resulting raster may have significantly more cells displaying if you
clipped against an irregular polygon (Fig. B.6). To amend this, clip your new
raster again against the same shape file or bounding box (Fig. B.7). Again, pay
attention to environment settings.

224

Figure. B.6. Reassignment of ‘NoData’ values to ‘0’.There are too many cells filling in the
bounding box of the raster.

Figure. B.7. Clipped raster. This is the final size to be shown in Sketchup.

4) Now, if you would like to reduce the resolution of your raster to lower processing
times later on, this is where you want to run the ‘resample tool’ (Tools>Data
Management Tools>Raster>Raster Processing>Resample). Because we’re dealing
with continuous data (topography), check ‘CUBIC’ as the resampling method
(Fig. B.8). Remember to check the
x,y units of your DEM when changing
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the value. Also check your environment settings.

Figure. B.8. Dialog for resampling raster to lower resolution. In this case, the raster covering the
2015 field season was resampled from its original 10m resolution to a more manageable 30m
resolution.

5) With your raster sized appropriately, you can now sample it to create a table of
XYZ values (Spatial Analyst Tools>Extraction>Sample) NOTE: you must enable
the spatial analyst extension within ArcMap (Customize tab>Extensions>Spatial
Analyst). Enter your raster under “Input rasters” as well as under “Input location
raster or point features”. Because you will be sampling against the same raster, it
is appropriate to use the ‘Nearest Neighbor’ interpolation technique (Fig. B.9).
When selecting a location to save your table, add .dbf to the end of the file name
to save as a dBASE file (Fig. B.10).
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Figure. B.9. Sample dialog box.Use same raster both ‘input raster’ and ‘input location raster’.
Interpolate with the Nearest Neighbor technique.

Figure. B.10. Saving file with .dbf extension added.

6) Now your newly minted table can be converted to a Microsoft Excel compatible
file. My solution involves adding a new toolbox called ‘Excel and CSV
Conversion Tools’, available for download at:
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http://www.arcgis.com/home/item.html?id=f3d91b8f852042e289e09a7ec8342431
. To add a new toolbox, right-click on the ArcToolbox folder, then click ‘Add
Toolbox’ (Fig. B.11), and navigate to where you saved the .tbx file. Note!
Problems may arise if your pathway to the .tbx file is especially long. Save it
somewhere with a short and simple pathway and it will be less likely to throw
an error such as “Could not import domainvalues module”. Now you can
convert your table to an excel file by using the “TableToCSV” tool (Excel and
CSV Conversion Tools>TabletoCSV), and save wherever you want, preferably
not in your GIS file folder. Leave comma as the file delimiter. With the table
successfully generated, you can move on to excel…

Figure. B.11. Installing the Excel and CSV Conversion Toolbox.

EXCEL
1. Modify the file slightly. Open your file in excel, and delete the first two columns.
Now you have three columns for X, Y, and Z coordinates. Rename the third
column if it gives you some, albeit superficial, feeling of control.
2. Depending on your raster units, and the location of your site relative to a
geographic datum/origin, your terrain might end up plotting obnoxiously far away
from the orbit origin in Sketchup (0,0). QMAP coordinates plot millions of meters
away from their origin, so this needs to be addressed. To deal with this:
1. Find the minimum X and Y value for each column. Use “=MIN(first:last)” in
a nearby cell (Fig. B.12). To select the entire column quickly, use the
keyboard shortcut: COMMAND+SHIFT+ê. Record both values somewhere
in your sheet.
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Figure. B.12. Finding minimum X and Y values

2. Subtract your minimum X and Y value from each entry in its respective
column (Fig. B.13). Duplicate your X and Y columns, then type the formula
“first cell – min value” (type the min value, don’t simply select the cell), get
your new value, then select the entire column using the keyboard shortcut above.
To apply the formula to each cell in a column, use the keyboard shortcut:
CTRL+D. COPY the new columns (again) and paste off to the side. When you
paste the columns, select ‘values only’, so that the CSV file format doesn’t
delete content while saving. Then delete everything else, and move your final
columns all the way to the upper left of the sheet. You should end up with one
row for column titles (three columns, X, Y, Z), and the rest of the rows as 3D
coordinates for each data point (varies depending on raster). Delete any misc.
entries that don’t fall into the X, Y, or Z columns.

Figure. B.13. Subtracting minimum value from each column.I copied all three columns to keep the
originals as a reference, and because the keyboard shortcut needs to know how many cells to fill
down while applying the formula. Type the minimum value; don’t just select the cell that contains
the value.

3. Save your file as a Windows .csv (comma separated value), no need to change
anything from how Arc saved the file!
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SKETCHUP
1) Install ruby cloud v8 plugin at the link provided above. Read associated .pdf
and try uploading the example files after you’ve copied the .rbs script to your
Sketchup plugin folder. If you’re using a mac, you can access your plugin
folder by Finder>Go>Go to Folder>”~/Library/Application Support”. From
here, navigate to Google Sketchup 8. If you don’t see a plugin folder within the
Sketchup 8 folder, add a folder named ‘plugins’, and copy the .rbs script into
the folder. After restarting Sketchup, the plugin should display under
File>Point Cloud (Fig. B.14).

Figure. B.14. Accessing the ruby cloud V8 plugin

2) Once you select import, choose an origin for your terrain (the draw axes), and
click it. Then choose your new .csv file.
3) In the first options window to show up, select comma as the delimeter, and
delete the contents of the “Line sample for” entry (Fig. B.15). Almost there!
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Figure. B.15. Using the Ruby Cloud V8 plugin

4) In the second window, accept all defaults, and then wait for a moment while
Sketchup loads your dazzling point cloud tapestry.
5) When prompted, store altitude as attribute data, or choose to ignore. Don’t
display as text, for obvious reasons.
6) If you want Sketchup to create a mesh, allow the program to triangulate points.
This is a time-intensive process, depending on your raster resolution and area.
You should expect at least an hour, or longer is you’re trying to draw a high
resolution or very large terrain. For example, a 30m terrain of the 2015 field
areas (67,000 points) took ~1.5 hrs to triangulate points. Don’t be deceived by
the initial drawing speed- progress slows as time goes on.
7) After the points have been triangulated, Sketchup will begin to ‘draw
triangles’, creating a surface that intersects your point cloud. This takes longer
than triangulating points. The same 67,000 points finished drawing in ~10 hrs.
When your surface loads, you may have to clean up some extraneous triangles
by editing the group. You can also delete the point cloud, which will increase
your processing speeds. After these steps, your terrain should be ready to go.
Congratulations, you’ve just imported a clunky, good-for-nothing GRID raster into
Sketchup!

A completed terrain in all its glory.
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B.4. Fence diagrams and terrains in Google Sketchup
Intro: This document contains a collection of tips related to generating effective fence
diagrams and terrains that can be constructed and manipulated in Google Sketchup.
These small tutorials were written while using Sketchup 8, ArcGIS 10.2.2, and Illustrator
CS4.
ArcGIS (brief):
The focus of this .doc is not to provide instruction on using GIS, but it is worth
emphasizing the importance of having your map (exported from illustrator) cover the
exact same extent as your terrain (exported from ArcGIS). If you have lost the extent that
you exported your map at in ArcGIS, you can easily georeference an image of your
illustrator map to get that extent back. Make sure both your .mxd file in arc and .ai map
contain a common feature (I used lines of section), and reference endpoints or
intersections. If everything is done right, it should just be a matter of getting the right
scaling in ArcMap. From there, set your data frame to be the same size as your map
image, and go about making a terrain from your dtm. This is essentially a lesson in
keeping track of extents in ArcGIS by using bookmarks as well as maintaining your data
frames at consistent dimensions.
Illustrator:
There is already a tutorial on making precisely scaled cross sections in illustrator. If
you’re going to make a series of intersecting cross sections instead of just one, nothing
really changes, but there are a few things to keep in mind:
1. One cross section per file.
2. Scale all cross sections the same. They can be bigger or smaller than the map, but they
should all be the same. This means that 1 cm (illustrator) = X m (map), where X is the
same in all profiles.
3. All contacts must match! Where contacts or faults meet at depth on intersecting
profiles, they must meet at the same elevation. This involves some fiddling, and the best
method might be to use ‘measuring sticks’, or vertical lines to represent the intersection
of your profiles. On one profile, use a vertical line and mark it with small circles at all
points where lines (profile view of planes) cross it. Color-code circles according to fault,
intrusive contact, shear zone boundary, etc. Then copy your line and circles to the
intersecting profile, and make sure all subsurface features match. Because your profiles
are scaled the same, you shouldn’t have to change the size of your measuring stick
between profiles.
4. Use the same measuring stick method between your map and profiles, as all contacts
must match at the surface. In this case, use the trace of your profile in map view, and
mark it with color coded circles at all faults, intrusive contacts, etc. Copy your line with
accompanying markers into your profile, and rotate to horizontal. From here, you might
need to resize the line so it’s the same as the scale of your profiles. Because all profiles
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should be the same size, record the % that you scale your measuring stick so that it’s
available for all other lines of section.
5. Once you’ve finished each profile in your fence diagram, Copy a set of them into a
specific folder. If you have bends in any of your lines of section, divide the profile into
multiple files such that each file contains one profile without a change in trend. This
folder should contain profiles that are simplified, with all labels, scale bars, etc. removed.
You just want to leave the lithology, faults, foliations, and maybe some structural
symbols. Save these simplified profiles as PDFs.
VERY IMPORTANT POINTS:
• Make sure the elevation for all of your profiles starts from the same level (maybe
0 m?). 0 m is best, since your terrain should plot with 0 m at the draw axes. This
is the most convenient setup. This doesn’t mean that you need to know the
geology down to 0 m, only that you preserve a scale the reaches 0 m.
• Your artboard should be the width of your profile exactly, and the bottom should
be at 0 m in elevation. This makes it a lot easier to position your PDFs into
Sketchup later.
6. Save a copy of your map. Simplify it so that you preserve lithology, faults, contacts,
and as well as the trace of your fence diagram. You will need to be able to see where
your profiles will go once you get everything into Sketchup. Remove extra content like
strike and dip symbols that won’t look good on your terrain anyway. Save your map as a
.jpg at the highest resolution possible.
Sketchup
1. Follow Karabinos’ instructions up to the point of exploding your terrain and exploding
your map image. Right click on your map image, and check that you have Terrain >
Projected checked. Don’t be alarmed if it takes 20 minutes or so to explode your terrain,
especially if you have a high-res version made of many thousands of triangles.
2. With the paint bucket tool selected, command+click your map jpg. This is the eyedropper tool. You’ve now picked up your map as a ‘color’ to apply to your terrain. If you
have your terrain selected and the paint bucket tries to randomly assign color to the facets
of your model, double check the ‘terrain > projected’ bit for the map image, and try to
paint only one facet at a time. If adjacent facets look like they’re coloring correctly, select
larger groups to color until the whole thing is covered.
3. Go back to your map image, hopefully still hovering gracefully over your terrain. You
should be able to see your lines of section on the image. Construct some vertical planes
that are as wide as each line of section. They don’t need to have a specific height, but
taller than your profiles is easier. Make them as close to the correct width as possible!
Now import your PDF versions of your profiles onto the planes. If you haven’t screwed
up, they should all intersect at the right points and look generally awesome. This is also
the time to look at all profiles together and make sure that shared structures have
reasonable geometries between profiles.
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More things in Sketchup…
1. If you want to make a cutaway of your block diagram, use the stamp tool within the
sandbox tools. To do this, you will need to regroup your terrain, since you blew it up to
apply the map image. This can also take up to 20 or 30 minutes, so get it started and go
grab a cup of coffee.
With everything grouped, draw a face to represent the volume that you want to cut out of
your terrain. Make sure it’s perfectly horizontal (Fig. B.16) and place it above your
terrain.

Fig. B.16. Preparing to use stamp tool.In this image, the grey face is at 0 m, contained within the
XY plane. It’s easy to draw horizontal surfaces here, but the shape should be moved up above your
terrain (not shown in that orientaiton).

Next, Select the face you just made, and then select the stamp tool
(Tools>Sandbox>Stamp). You should then be able to select your terrain. Things might
start moving really slow here (see status bar at bottom of Sketchup window), but if you
wait, your cursor should appear as a set of arrows that you can drag up or down. Drag
your face down through your terrain and click your mouse to complete the stamp when
you get your face as close to 0 m as possible (Fig. B.17). I’m not sure of a way to do this
precisely, just get as close as you can.
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Fig.. B.17. Terrain cut-away created with stamp tool. Portions of map have been ‘dragged’ down
the side the cut-away, but can easily be changed.

After completing your stamp, you will want to clean up the new faces in the side
of your terrain, and maybe even apply a series of profiles (that’s the point, right?). I’ve
found that sometimes many triangular faces are created that have to be deleted, and
sometimes that only a few larger faces are generated during the stamp operation. In either
case, you will want to deleted them and replace them with vertical, rectangular planes.
From here, you can place the PDF versions of your profile onto the side of your terrain
like you did for your fence diagram earlier (Fig. B.18).

Fig. B.18. Profiles applied to terrain. Intersecting faces are colored to approximately match map.
Small gaps exist, and are a result of small triangular faces formed during the stamp operation, as
well as stamping the terrain to approximately -50 m instead of 0 m.
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2. If you want to export images of your Sketchup creations from different viewpoints,
you can do that from File>export>2D graphic. Choose the file format you want (.jpg is
fine), and then go into options. Uncheck ‘use view size’ and then ramp up the resolution
to whatever you want. You can also increase the dimensions of the image here, since that
will allow you to increase resolution once you decrease the dimensions in a program like
Illustrator. Be sure to uncheck ‘antialiasing’, a function that attempts to smooth lines in
your model. You will ultimately be limited to the resolution that you imported your map
and profiles at, but this is more than enough for bringing your terrain/fence into illustrator
to highlight whatever you want to emphasize from a given vantage point.
3. Because you may be editing your model after you start making figures, make sure you
save ‘scenes’ of your images within Sketchup (View>Animations>Add scene). With a
scene saved, you can always select it in the scene bar to rotate back to the same exact
view to retake an image update your figures in Illustrator.
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